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PREFACE

This investigation is part of a study to improve understanding of the

engineering properties and behavior of soils containing large particles and to

develop laboratory testing procedures which more accurately measure or predict

those properties and behavior than methods currently in use. Funding for the

work is provided by the Headquarters, US Army Corps of Engineers (USACE) under

the Civil Works Research and Development Program (CWRD) work unit No. 32342,

entitled "Testing Large-Particled Soils." The USACE Technical Monitor for

this work unit is Mr. Richard F. Davidson, Directorate of Civil Works, Engi-

neering Division, Geotechnical and Materials Branch, Soils Section, USACE,

Washington, DC. The Program Manager is Mr. G. P. Hale, Chief, Soils Research

Center (SRC), Soil and Rock Mechanics Division (S&RMD), Geotechnical Laborato-

ry (GL), US Army Engineer Waterways Experiment Station (WES), Vicksburg, MS.

The Principal Investigator for CWRD work unit No. 32342 is Dr. Victor H.

Torrey III, of the Soil Mechanics Branch (SMB), S&RMD, GL, WES. The laborato-

ry testing was under the direct supervision of Mr. Robert T. Donaghe assisted

by Mr. Charles E. Carter both of the Soils Research Facility, SRC, S&RMD.

This report covers research conducted during the period January 1982 to Janu-

ary 1989 and was prepared by Dr. Torrey and Mr. Donaghe under the general

supervision of Messrs. C.L. McAnear and G.P. Hale, former Chief and Acting

Chief, respectively, Soil Mechanics Division, Dr. Don C. Banks, Chief, S&RMD,

and Dr. William F. Marcuson III, Chief, GL.

Coordination of preparation of this report for publication was performed

by Mrs. Joyce Walker of the WES Visual Production Center, Information Technol-

ogy Laboratory.

COL Larry B. Fulton, EN, is the Commander and Director of WES.

Dr. Robert W. Whalin is the Technical Director.
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CONVERSION FACTORS, NON-SI TO SI (METRIC)

UNITS OF MEASUREMENT

Non-SI measurement used in this report can be converted to SI (metric) units

as follows:

Multiply By To Obtain

cubic feet 0.02831685 cubic metres

cubic inches 16.38706 cubic centimetres

feet 0.3048 metres

foot-pounds (force) 1.355818 metre-newtons or joules

inches 2.54 centimetres

pounds (force) 4.448222 newtons

pounds (mass) 0.4535924 kilograms

pounds (mass) per cubic foot 16.01846 kilograms per cubic metre

square inches 6.4516 square centimetres
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COMPACTION CHARACTERISTICS OF EARTH-ROCK MIXTURES

PART I: INTRODUCTION

Background

1. Before addressing the subject of this report, it is appropriate to

place the reference to earth-rock mixtures in perspective as is necessary to

establish a distinction between such materials and those termed as "rockfill".

Fortunately, at least within the experience of the Corps of Engineers (USACE),

this is a practical undertaking because review of earth and/or rockfill dam

projects permits a general, although not precise, distinction. The authors

recognize the variations in those project records which in some cases may

contradict some aspects of the following definitions. Nonetheless, for the

purposes of this report, earth-rock mixtures are coarse-grained,(less than

50 percent passing the U.S. Standard No. 200 sieve), gravel or gravelly, cohe-

sive and cohesionless materials. In addition, these materials are "designed"

as compacted fill by assessment of their properties through laboratory testing

to establish fill compaction specifications. These specifications take the

form of placement water content and density if sufficient fines are present or

for relative density if the soil is cohesionless. Furthermore, the compaction

of these materials is controlled in the fill operation by regular comparison

of field measurements of those parameters to the specified values or ranges in

values. In contrast, rockfill is typically dealt with in a more qualitative

than quantitative manner with placement and compaction procedures determined

by means of test fills and test quarries (Hammer and Torrey 1973) to identify

the most efficient quarrying, processing and handling operations, to select

the most efficient combination of equipment versus loose lift thickness and to

obtain (usually) a "free draining" compacted mass. During construction, the

selected procedures for rockfill are ordinarily followed without regular

attention to fill testing unless apparently adverse changes are noted in mate-

rials or compacted fill qualities. Rockfill is typically cohesionless and

composed of larger particles (say, up to 24-in.) and compacted in much thicker

lifts (say, up to 36-in.) than earth-rock mixtures which often contain plastic

fines and are seen in the case histories to have been restricted to a maximum
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particle size of about 6-in. (either naturally or by removal of particles in

excess of that size) and compacted in lift thicknesses of less than 12-in.

2. Laboratory tests to obtain moisture-density relationships for soils

containing large particles, i.e., earth-rock mixtures, have been both proble-

matical and questionable over the years. The problem in dealing with such

materials arises from the fact that if the full-scale gradation is to be

tested, the size of the laboratory test specimen must be sufficiently large to

assure assessment of the properties and/or behavior of the mixture. There

seems to be general, although informal, agreement within the profession in

this country that the ratio of test specimen diameter to largest particle size

should be no lower than 5 or 6 to achieve a good test on the mixture. Both

Corps of Engineers' (Engineer Manual, EM 1110-2-1906, "Laboratory Soils Test-

ing" 1973) and American Society for Testing and Materials' (ASTM 1991 Annual

Book of ASTM Standards, Section 4, Vol 04.08) methods conform to this concept.

Working with a ratio of 5 or 6 leads to what would be conventionally consi-

dered large test specimens (in excess of 6-in. in diameter) when the largest

particle size begins to exceed 1-in. Testing of larger specimens entails the

need for larger and more expensive laboratory hardware, higher capacity com-

paction and/or loading mechanisms, special processing and handling equipment,

more spacious facilities, specialized instrumentation, and lots of hard manual

labor. Therefore, beginning years ago, as one laboratory after another began

to encounter these realities in testing soils containing large particles,

methods were developed or adopted on faith which were believed to provide ade-

quate estimates of full-scale gradation properties but which also circum:ented

testing of large specimens of the full-scale materials. Simplistically, the

avoidance procedures have included practices such as discarding the larger

particles (scalping), or scalping and then replacing the "oversized" fraction

with an equal portion by weight of manageable sizes, or even the creation of a

"parallel" gradation with a smaller maximum particle size. Formal research to

assess the reliability of methodologies for testing earth-rock mixtures has

been very sporadic and has mostly fallen to organizations engaged in regular

major design and construction activities involving these materials such as the

USACE, U. S. Bureau of Reclamation (USBR) and some state agencies (including

universities). However, because of the expense, time consuming nature of the

work, and the many variables commensurate with earth-rock mixture research.

sporadic efforts have not sufficed to eliminate many of the basic questions.
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This fact is typified by the current realization in the profession that the

long-standing and popular procedure of scalping with replacement to reduce

maximum particle size and, thus, test specimen diameter, should not generally

be assumed to yield test results satisfactorily indicative of full-scale gra-

dation properties or behavior. This is not to say that there have been no

materials encountered for which scalping/replacing was not adequate, but that

this procedure should not be presumed as ordinarily adequate. Although not

the subject of this report, it is pointed out that all of the above statements

apply equally to the proposition of determining the strength and deformation

properties of earth-rock mixtures by means of the triaxial test.

3. At present, the USACE practice (EM 1110-2-1906, Appendix VIA) in

performing laboratory compaction tests on earth-rock mixtures containing suf-

ficient fines to produce a well defined moisture-density curve entails a

12-in. diam mold and an 11.5 lb., hand-held rammer. The maximum mold size of

12-in. confines the test to a maximum particle size of 2-in. Plus 2 -in. frac-

tions constituting less than 10 percent by weight of the total material may be

scalped, i.e., removed and discarded. If more than 10 percent by weight of

the total material is of particle sizes larger than 2-in., the plus 2-in.

sizes are removed and replaced (scalped/replaced) with an equal weight of

material between the 2-in. and No. 4 sieve sizes. The gradation of the

replacement material must be the same relative gradation as that of the total

sample between the 2-in. and No. 4 sieve sizes. In the case of cohesionless

materials for which the concept of relative density is appli:able (less than

5 percent minus No. 200 sieve sizes), EM 1110-2-1906, Appendix" XII, Vibrated

Density Method specifies either a 6-in. or 11-in, mold diameter (0.1-cu-ft and

0.5-cu-ft, respectively). The 6-in. diam mold is to be used if the maximum

particle size is less than 1-1/2 in. and the 11-in, mold is to be used if the

maximum particle size is less than 3-in. If the material contains less than

10 percent by weight of plus 3-in. sizes, they are scalpeL. If the material

contains more than 10 percent by weight of particles larger than 3-in., the

test is relegated to a research stature and no procedure is suggested.

4. Some of the problems associated with the current USACE procedures as

described above are as follows:

a. The compaction test for earth-rock materials exhibiting
moisture-density curves (EM 1110-2-1906, Appendix VIA) is
restricted to a maximum particle sizes of 2-in. Many commonly
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encountered earth-rock mixtures have plus 2-in. fractions which
exceed 10 percent of the total material by weight.

b. The EM 1110-2-1906, Appendix VIA, compaction test for earth-rock
mixtures requires the use of an 11.5 lb hand-held rammer in the
12-in. mold. This procedure has drawn considerable criticism
from USAGE Division Laboratories, USACE field construction qual-
ity assurance laboratories, and contractor quality control labo-
ratories because they consider it too time consuming and labor
intensive. It is a very unpopular test.

C. The scalping with replacement procedure permitted by EM 1110-2-
1906, Appendix VIA, for earth-rock mixtures containing more than
10 percent by weight plus 2-in. sizes is now considered
undependable as a general "modelling method to obtain compac-
tion parameters of full-scale gradations. Evidence to support
this statement will be provided later herein.

d. There appear to be effects on moisture-density curves obtained
in large molds resulting from the larger mold diameter itself,
different hammer weights and their relative foot areas, differ-
ences in layer thicknesses, or other equipment/procedural fac-
tors. These effects will be shown in portions of this report to
follow.

e. The EM 1110-2-1906, Appendix XII, relative density test proce-
dure allows up to 3-in. particles in an 11-in, mold. There has
been no definitive research to ascertain the effects of this
practice.

5. Looking back to the generalized definition of earth-rock mixtures

provided in the first paragraph, the typical gradation ranges seen in pr-ject

files for such materials leads to a fortuitous possibilit3 to arrive at a

practical answer concerning the maximum particle size which laboratory tests

should accommodate. In overview, the authors observe that it has been rela-

tively infrequent for earth-rock mixtures used in controlled USAGE fills to

exhibit more than 10 percent by weight of sizes in excess of 3-in. If it is

accepted that up to 10 percent by weight can be scalped without introducing

significant error in compaction parameters (to be discussed later), then labo-

ratory compaction test procedures validated in molds up to 18-in. in diameter

would appear to ordinarily suffice. Additionally, because of complaints

against the current method, it becomes prudent to attempt to validate such

test procedures using mechanical means of compaction rather than for any ver-

sin of a hand-held rammer.

6. In consideration of the scale of the problems in the laboratory

environment, it is no surprise to discover that earth-rock mixtures also

present a plethora of "challenges" in the field construction environment. Of

course, the field laboratory faces the testing uncertainties previously
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mentioned. Next comes the requirement for an accurate, efficient method for

determining the as-compacted fill density and fill water content of soils

containing large particles. Then there is the need to compare those values of

fill density and water content to appropriate values of maximum dry unit

weight and optimum water content to assure that specifications are met. i.e.,

a quality control or assurance procedure. Because of the rate of fill place-

ment economically necessary in the construction of large fills, it is not

feasible to expect to develop complete moisture-density curves for samples of

earth-rock mixtures from each fill density test location. Additionally,

larger fill density test specimens are required in these materials which

translates to greater time and effort per test and fewer tests per work shift.

So, it is imperative that the compaction control methodology not only be

shortcut in nature but also sufficiently accurate to confirm the specified

attributes of the fill.

7. Several versions of compaction control techniques have been utilized

by the USACE over the years in dealing with earth-rock mixtures. Fill density

tests using direct and/or indirect methods (EM 1110-2-1911, "Construction

Control for Earth and Rock-fill Dams, paragraph 5-10) and water content deter-

minations on the total sample have been ordinarily used to obtain the

as-compacted parameters but the specifications themselves or the means of

relating the as-compacted values to the specifications have generally avoided

dealing with the full-scale materials. For example, the specified range for

water content and the value of minimum desired percent compaction may be based

on the optimum water content and maximum dry unit weight for a fraction of the

total material (say, minus 3/4-in. fraction). Then, the water content and dr,

unit weight of the total fill sample are corrected for the percent "oversize"

(percent of total material by weight larger than 3/4-in.) to obtain the water

content and dry unit weight of that fraction for comparison to the specified

values. Another example would be the use of a scalping with replacement pro-

cedure to reduce the maximum particle size for develop: :It of the compaction

specifications during design. Subsequently, in the fill control procedure,

use of so-called one- or two-point compaction tests on scalped and replaced

specimens of the total fill sample as described in EM 1110-2-1911, Appendix B.

is assumed to be directly equivalent to field testing of the total gradation.

These practices, of course, assume that the engineering properties/behavior of

the total material will equal or exceed those (in terms of design
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requirements) of the selected fraction or scalped-replaced gradation when that

fraction or scalped-replaced gradation meets the specified values. In

essence, the USBR Rapid Compaction Control Method USBR 7240-89 (USBR 19 89 a and

ASTM 1991a) which has been employed by the USACE on some projects is also

predicated on the correction of compaction values of the total material

according to the amount of gravel present to obtain those of the minus No. 4

fraction.

Purpose and Scope

8. The purpose of this phase of the general investigation of laboratory

testing of soils containing large particles was to develop and verify labora-

tory test procedures for determining moisture-density relationships for such

materials. Specifically, the objective was to develop standard effort compac-

tion test procedures utilizing 12 and 18 -iLl. diam molds and mechanical compac-

tion equipment for earth-rock mixtures having maximum particle sizes up to

3-in and containing sufficient fines (minus No. 200 sieve sizes) to exhibit

well-defined moisture-density curves. In addition, it was intended to deter-

mine the extent to which Equations (1) and (2) may be utilized to predict the

compaction characteristics of full-scale gradations utilizing results of tests

performed on finer fractions of the full-scale materials in smaller diameter

molds. A subsequent report is to be prepared to address the general issue of

compaction control of earth-rock mixtures which exhibit well defined moisture-

density curves and to provide guidance concerning fill compaction control

methodologies in the light of the findings reported herein. Although WES has

recently conducted limited studies involving the determination of maximum and

minimum densities of cohesionless, free-draining earth-rock mixtures for which

the concept of relative density may be preferred, that data is not considered

of sufficient scope to treat herein or in the sequel report on compaction

control. The laboratory and field treatment of earth-rock mixtures containing

minimal cohesionless fines, whether in their natural in situ state or used as

compacted fill, is of particular importance in the earthquake engineering

arena and merits a separate and major research effort.
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PART II: ACCURACY AND PRECISION OF THE COMPACTION TEST

General

9. It is appropriate at this very early point in a report addressing

compaction characteristics of gravelly soils to consider some sobering reali-

ties about those fundamental reference values so casually referred to as "THE"

optimum water content and "THE" maximum dry unit weight of a soil for a given

compactive effort. Both of these parameters are the result of subjective

judgment of an individual in the fitting of a cor iction curve to laboratorv

test data typically exhibiting some scatter. Furthermore, the usual test con-

sists of five data points at different water contents which are accepted as

sufficient if a smooth curve appears to reasonably fit. Data scatter which

would result if several specimens were compacted at each given water content

is not indicated unless a point appears to be "out of line" with the other

four and a "check" point is ordered. If an experienced and careful technician

performs a number of five-point compaction tests on the same material and fits

a compaction curve to each data set without cross-reference to the other

tests, it is to be expected that ranges in values of optimum water content and

maximum dry unit weight will result. Suppose a second technician in the same

laboratory is also required to perform multiple tests on the same material

using the identical equipment and procedures as the first technician. If the

results obtained by both technicians are combined, the total ranges in values

of optimum water content and in values of maximum dry unit weight would be

expected to be larger than those obtained by either individual. If the two

technicians are employed in different laboratories, the observed ranges in the

combined data would be expected to be still greater.

10. The occurrence of differences in results obtained by replicate

application of a "standard" method to the same material can be addressed

within the statistical concepts of accuracy and precision. The applicability

of these two concepts to results of compaction tests will be discussed below

after presenting the definitions and usages prescribed by the American Society

for Testing and Materials, Designation E 177-86 (ASTM 1991b).
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Accuracy

11. According to ASTM Designation E 177-86, accuracy is defined accord-

ing to two schools of thought. One definition is the closeness of agreement

between an accepted reference value and an individual test result. The second

definition is the closeness of agreement between the accepted reference value

and the average of a large set of test results obtained by repeated applica-

tions of the test method, preferably in many laboratories. Where the compac-

tion test is concerned, it makes no difference which definition is accepted

because there exist no accepted reference values of maximum dry unit weight or

optimum water content for any given soil. In other words, there is no

accepted reference value for any given soil. Therefore, the concept of accu-

racy is not applicable to the compaction test.

Precision

12. Precision of a measurement process refers to the degree of mutual

agreement between individual measurements from the process. This concept does

apply to the compaction test. Furthermore, precision of the compaction test

can be categorized according to the cases implied in paragraph 30 above as

follows:

a. Single-operator precision.

b. Multi-operator precision.

c. Multi-laboratory precision.

These precision cases would be defined as follows:

a. Single-operator precision: A measure of the greatest
difference between two test results that would be considered
acceptable when properly conducted determinations are made by
one operator on portions of a material that are intended to be

identical, or as nearly identical as possible.

b. Multi-operator precision: A measure of the greatest difference
between two test results that would be considered acceptable
when properly conducted determinations are made by more than

one operator in the same laboratory on portions of a material
that are intended to be identical, or as nearly identical as
possible.

c. Multi-laboratory precision: A measure of the greatest differ-
ence two test results that would be considered acceptable when
properly conducted determinations are made by two different

operators in two laboratories on portions of a material that

13



are intended to be identical, or as nearly identical as
possible.

In this vein, the ASTM currently cites (see Table 1) single-operator and

multi-laboratory precision standards in Designations D 698-78 (ASTM 1991c) and

D 1557-78 (ASTM 1991d) for results of standard effort and modified effort com-

paction tests, respectively, employing 4- and 6-in. diam molds. There are no

current ASTM Standards for large-scale tests for earth-rock mixtures. ASTM

currently bases precision limits on the statistical parameter "difference two-

sigma limit" (see ASTM 1991b) which is calculated as follows:

Difference 2a limit = 1.96F a = 2.77o

where a is the standard deviation

Given that a variable is normally distributed (random), the probability that

any two numbers drawn from the population will not differ by more than some

amount can be calculated. Also, for a normally distributed variable, about

95 percent of the values will fall within the range of ± 2a of the mean value.

The intended practical significance of the difference two-sigma limit is that

statistically there is about a 95 percent probability that any two numbers

drawn at random from among all the measured values will not differ by more

than 2.77o. The ASTM standard then takes the difference two-sigma limit of

2.77o and expresses it as a percentage of the mean value of the variable. The

impact of ASTM precision standards for 4-in. and 6-in. mold diameters should

they be applied to larger diameter mold tests on a typical earth-rock material

can be indicated. A typical earth-rock mixture may exhibit a maximum dry unit

weight around 130 pcf and an optimum water content around 7 percent. The

single-operator precision stated in Table 1 for maximum dry unit weight would

be 1.9 percent of 130 pcf or almost 2.5 pcf absolute difference between the

two values. The single-operator precision of Table 1 for optimum water con-

tent would be 9.5 percent of 7.0 percent or 0.7 percentage points absolute

difference between the two values. Considering the multi-laboratory case.

such as between the USACE quality assurance lab and the contractor's quality

control lab, 4.2 pcf absolute difference in maximum dry unit weight and

1.0 percent absolute difference in optimum water content would be acceptable

under ASTM current standards. The key phrase in the definition(s) of
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precision is "when properly conducted determinations are made .... on portions

of a material intended to be identical". A proper testing program to deter-

mine precision limits for the compaction test is a very costly and complex

undertaking. There must be careful attention to test materials, all

associated methods such as moisture curing of specimens, calibration of all

equipment to the same reference standards, etc. After all, the question is

the repeatability of results from the test method, not the degree of poor

laboratory practice. It is logical that multi-laboratory precision cannot be

addressed until the question of single-operator precision has first been

resolved. It makes no sense to accept any values in the multi-laboratory

study that have not met the single-operator precision. This would dictate

acceptable replicate single-operator tests in each participating laboratory

with perhaps the average values reported for the multi-laboratory case. To

the best of the authors' knowledge the current ASTM precision standards were

not derived in this manner.

13. It is valuable at this point to interject a review of three testing

programs pertinent to the question of precision in compaction testing. How-

ever, none of these studies meet all the criteria stated above as necessary to

establish general multi-laboratory precision standards for the compaction

test.

14. The first study was initiated in 1964 under the auspices of the

American Council of Independent Laboratories (ACIL) and was aimed at obtaining

an indication of variation in test results among commercial laboratories per-

taining to Atterberg limits, optimum water content and maximum dry unit weight

by Standard and Modified efforts, specific gravity of solids, and grain-size

distribution. With respect to compaction tests, the only requirement imposed

was the use of ASTM Designation D 698-58T, Method A, for standard effort and

Designation D-1557-58T, Method A, for modified effort. There were no other

controls imposed. To achieve these objectives, three "standard" soils were

selected to be provided to all participating -ommercial laboratories. The

three soils were designatea as Vicksburg loess (ML), Vicksburg lean clay (CL)

and Vicksburg buckshot clay (CH). Preparation of the standard samples was

accomplished by WES at the request of and assisted by ACIL. Under the super-

vision of ACIL personnel, the three materials were carefully processed at WES

and placed in 333 sealed containers weighing 80 lb each and stored under cover

to await shipment to the requesting commercial laboratories. Three "umpire"
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laboratories were designated by ACIL and included WES, U.S. Bureau of Public

Roads, and Massachusetts Institute of Technology. These umpire laboratories

ran 4 to 5 replicate compaction tests on each sample. Approximately 100 com-

mercial laboratories participated in the program although all laboratories did

not perform all of the test suite. However, 98 of the labs performed standard

and modified effort compaction tests on the ML and CH samples and 97 labs

developed compaction curves for the CL sample. The discrete data obtained

from the program are reported and analyzed statistically by Hammitt (1966).

Figures I through 3 present the results of the standard effort tests obtained

by the commercial laboratories for the ML, CL, and CH samples, respectively,

as replotted by the authors. Also shown in these figures and in Table 2 are

the ranges and mean values obtained by the umpire labs. The modified effort

data are not treated in detail because they were not appreciably different in

scatter patterns. The statistical summaries for the commercial laboratory

results are given in Tables 3 through 5. The scatter of the data seen in

Figures I through 3 reveals the magnitude of the problem of specifying accept-

able precision for compaction test parameters based on an essentially uncon-

trolled testing program. It is obvious from Figures 1 through 3 that some

laboratories did not properly conduct the test. But, how many of the test

data are the result of poor practice? If the acceptable precision is based on

the standard deviation for all the test data for a given soil type among Fig-

ures 1 through 3, it will be a "sloppy" standard. Table 6 shows the differ-

ence two-sigma precision limits for maximum dry unit weight and optimum water

content calculated for each of the ACIL data sets of Figures 1 through 3 as

dashed boxes. The precision limits specified by ASTM Designation D 698-78 are

also shown in these figures. Scatter of the compaction data clearly varies

with soil plasticity with the CH soil exhibiting the greatest dispersion (lar-

gest standard deviations) and the ML soil exhibiting the least. Note from

Table 6 that while the difference two-sigma limit for maximum dry unit weight

in pcf obviously must track the trend in standard deviation, the limit stated

in terms of percent of mean value do not because of the relative values of the

mean maximum dry unit weights. Also note that use of a single precision range

as a percent of mean value as the ASTM currently specifies, runs counter to

the trends for maximum dry unit weight indicated by the ACIL study. In other

words, a fixed precision for all soil types would force a smaller acceptable

difference between two values of maximum dry unit weight obtained for a CH
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soil which is most difficult to obtain consistent values for and a more gener-

ous difference allowance for ML and CL soils which showed less data disper-

sion. If the precision limits indicated for the CH soil were adopted for all

soil types, this would aggravate the already sloppy practice of accepting all

data as equally correct in calculating precision limits. It is seen from

Figures 1 through 3 that the current ASTM multi-laboratory precision limits

for maximum dry unit weight are somewhat more restrictive compared to the

values calculated from the ACIL data, especially for the CH soil. With

respect to multi-laboratory precision of optimum water content, it is seen

that the current ASTM standard is similarly more restrictive than the limits

calculated using the ACIL data. However, the optimum water content precision

limits stated as a percent of mean value are the greatest for the more prob-

lematical CH soil because that soil exhibits the highest values of optimum

water content. It is to be noted that the standard deviations for both maxi-

mum dry unit weight and optimum water content from the ACIL data generally

exceed the specified maximum values of ASTM Designation D 698-78 (see

Table 1). An inconsistency exists in the ASTM standard in that both standard

deviation and difference two-sigma precision limits as a percent of mean value

are stated for the multi-laboratory case. If the standard deviation restric-

tion is accepted as the reference, then the precision range as a percent of

mean value must be a variable because the mean value varies (or vice versa).

If the precision were stated as a range in maximum dry unit weight in pcf or

as a range in optimum water content in percentage points, there would be no

inconsistency since these are fixed values calculated as 2.77c.

15. Concurrently with the ACIL study among commercial laboratories, the

USACE decided to have its Division laboratories also test the standard soil

samples. Strohm (1966) reports the results obtained among ten Division Labo-

ratories. Figures 4 through 6 show the standard effort compaction data for

the standard soils. Since this study predated the first edition of EM 1110-2-

1906 which standardized equipment, the data reflect a mix of compaction equip-

ment as indicated in the figures. Scatter in the USACE data for both optimum

water content and maximum dry unit weight increased with plasticity of fines

P did 0- commercial lab results previously discussed. As was done for the

commercial lab results, both the difference two-sigma precision limits calcu-

lated from the standard deviations of the data and those specified currenty

by ASTM are shown in Figures 4 through 6 as dashed boxes. The values

17



calculated from the standard deviations of the data are tabulated in Table 7.

For the standard ML soil, precision calculated as above would be 9.8 percent

of the mean value for optimum water content and 2.1 percent of the mean value

for maximum dry unit weight. For the standard CL soil, the precision was

13.2 percent of the mean value for optimum water content and 2.7 percent of

the mean value for maximum dry unit weight. For the standard CH soil. preci-

sion was 22.3 percent of the mean value for optimum water content and 4.0 per-

cent of mean value for the maximum dry unit weight. So, on the average, the

multi-laboratory precision achieved by the USACE labs for optimum water con-

tent was about equivalent to the current ASTM standard but the precision

achieved for maximum dry unit weight was equal to or better than the current

ASTM requirements (despite variation in equipment).

16. It is reasonable to consider the ACIL umpire laboratory results as

a multi-laboratory study in its own right. Unfortunately, as seen in Table 2,

standard deviations were not reported for those data. However, the ranges of

the data were reported. For data which are normally distributed (random vari-

able), 99.7 percent of the data fall within ± 3 standard deviations (a) of the

mean and 95.5 percent of the data fall within ± 2a. Taking a conservative

approach, a very crude estimate of the standard deviations of the umpire labo-

ratory data can be made by taking the respective ranges to be equivalent to

4 times the respective values of a. If this is done and difference two-sigma

precision limits are calculated for the ACIL standard soils accordingly, the

limits seen in Table 8 result. From Table 8 it is seen that the multi-

laboratory precision limit stated as a percent of mean value for maximum dry

unit weight are only about one-half the current ASTM standard while the limits

calculated for optimum water content are anywhere from about one-fourth to

one-half the current ASTM value.

17. The third study (Sherwood 1970) consisted of single-operator,

multi-operator and multi-laboratory compaction and soil classification testing

organized by the British Road Research Laboratory (RRL) involving itself and

39 other government, university and private testing laboratories. The only

condition imposed upon the laboratories was that British Standard 1377:1967

was to be employed for all test methods. The soils selected by RRL for the

study were a sandy clay, CL, (LL-36, PI-19), Gault clay, CH, (LL-75, PI=26)

and Weald clay, CH, (LL-68, PI-25). These materials were carefully processed

and batched for distribution to the participants in a fashion similar to that
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used for the "standard" soils of the ACIL study. Compaction tests equivalent

to standard and modified efforts were performed among the participants.

Thirty seven of the 40 labs provided results for the sandy clay (CL) and

38 labs tested the Gault and Weald clays (CH). The results of the standard

effort tests are shown in Figures 7 through 9. The difference two-sigma pre-

cision limits calculated from the standard deviations of the data for the

various cases addressed by RRL are given in Table 9. The calculated precision

limits and the ASTM precision limits relative to the multi-laboratory data are

shown as dashed boxes in Figures 7 through 9. Figures 7 through 9 show that

the RRL data exhibit scatter similar to that seen in the ACIL study for the CL

and CH soils. The standard deviations relative to maximum dry unit weight for

the RRL data were slightly lower than those seen for the ACIL data. These

comparative dispersions were not strictly consistent with differences in

plasticity index since the RRL clay (CL) was more plastic than that tested in

the ACIL study, but the two clays (CH) of the RRL study were both less plastic

than that tested in the ACIL study. The dispersion of the optimum water con-

tent data was about the same for the two CL soils between the two studies but

the standard deviations for the two RRL clay (CH) soils were greater than that

for the ACIL clay (CH) soil.

18. The single- and multi-operator precisions obtained by the RRL are

also shown in Table 9. An expectable tre .d in improving precision is seen

from multi-laboratory to multi-operator to single-operator for both maximum

dry unit weight and optimum water content for the Gault clay which was the

only soil replicate tested by the single-operator. It is seen by comparing

Tables 8 and 9 that it appears that the three ACIL umpire laboratories prob-

ably at least matched the RRL single-operator precision for both compaction

parameters.

19. In speaking of relative dispersions of the data among the cases

discussed above, there is more to the question than simple comparisons of the

numbers. Figure 10 reveals an apparent relationship between standard devia-

tions and numbers of laboratories participating for the CL and CH soils. The

RRL data seem to fit well with the ACIL data probably because the CL and CH

soils tested by RRL were not to different from the ACIL soils with respect to

classification indices. The authors suspect that the lower standard devia-

tions achieved by the 10 USACE Division labs and the estimated values for the

ACIL umpire labs actually reflect a greater consistency of practice and care
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exercised in performance of the tests by those labs as compared to the "catch-

all" nature of the RRL and ACIL commercial lab results. It should be remem-

bered that no verification of adherence to the standard method was required in

their large studies. Anyway, it appears that it is reasonable to expect that

two laboratories performing the test carefully with properly calibrated equip-

ment and in exact conformance to the published standard can achieve results

consistently much closer together than indicated by precision limits derived

from data produced by a large number of organizations.

20. In the final analysis, it appears that precision of the compaction

test is currently a matter of opinion. The ASTM is contemplating an extensive

cooperative program to address precisions of a number of laboratory soil

tests. Until better precision standards are forthcoming, the authors offer

the opinion that it is practical to expect that two laboratories can obtain

values of maximum dry unit weight on the same material which routinely do not

differ by more than 2.0 pcf and values of optimum water content which do not

differ by more than 1.0 percentage point. That opinion is qualified by the

critically important stipulation that both laboratories vigorously follow the

standard methods (including the associated equipment) and have calibrated all

the pertinent equipment to the same appropriate reference standards. Based on

their experience gained with earth-rock mixtures in the conduct of this inves-

tigation, they are willing to hold to that opinion for large-scale compaction

tests performed with a mechanical compactor with two caveats. Since there are

no current standard procedures and mechanical equipment specifications offered

by anyone for large-scale tests, there must be a specific procedure used by

both laboratories and the two mechanical compactors must be configured and

calibrated to some identical standards. Hereafter in this report, the authors

will occasionally state some precision used in judgment of date trends. It

will be nothing more than a matter of their opinion.

21. The USACE has endorsed the use of National voluntary standards in

the conduct of its mission. ASTM standards fall in this category and are more

and more often referred to in USACE construction specifications. Therefore,

the question arises as to how precision standards on compaction test results

or, perhaps eventually, even on fill density test results may affect the writ-

ing and application of specifications for compacted fills. It is to be remem-

bered that under such standards, when two test results fall within the

accepted precision range of each other, neither can be considered more correct
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than the other. For a single example among several possible scenarios, what

is to be done if the quality control (contractor) laboratory test results show

the compacted material to conform to the specifications while quality assur-

ance (Government) laboratory test results do not, but both results fall within

the precision range for the test? For that matter, the vice versa case could

occur. The question has alternative answers which would include:

A. Accepting the more favorable result which would avoid the cost
and time of reworking and retesting the lift.

b. Accepting the more conservative of the results, i.e., that
which indicates the lower percent compaction and that which
indicates the greatest deviation of fill water content from
optimum.

a. Defining the Government's test results as the determinate ones.

Whichever approach is selected, it would be necessary to spell it out in the

job specifications. Otherwise, if test standards containing precision are

cited in the specifications without clarification, the stage is set for con-

test with the contractor during construction which could have been easily

avoided.
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PART III: REVIEW OF PREVIOUS RESEARCH

Introduction

22. Before entering into summarization of selected past investigations,

it is desirable to orient the reader with respect to zhe complexities involved

in research to ascertain properties or behavior of soils containing large

particles. In facing the generalized question, " What are the effects of

large particles on the compaction characteristics of earth-rock mixtures?",

the investigator is immediately thrust into a pandora's box of possible vari-

ables such as:

a. Maximum particle size.

b. Character of aggregate,i.e., hardness, durability, etc.

C. Range in gradations.

d. General shape of gradation curves.

e. Particle shapes.

f. Percent fines, i.e., Minus No. 200 fraction.

Z. Plasticity of fines.

h. Procedure for preparing test gradations.

i. Equipment specifics, particularly for full-scale tests.

.i. Specific comparative procedures.

k. Number of replicate tests as che'cks.

1. Precision relative to all of the above.

M. Etc.

Because of the cost and time constraints usually associated with such work,

decisions have to made with respect to variables addressed with an imperfect

realization of restrictions which should be imposed on conclusions by exclu-

sion of investigation of effects of some of the variables. Given any two

independent investigators, it can be expected that they might choose different

combinations of selected variables in their judgment of those considered most

important within the framework of time and cost constraints. The end result

is that one investigator may conclude that a given procedure works fine while

the other investigator concludes it doesn't. In fact, they may both be cor-

rect which only means that for some materials it suffices and for others it

doesn't. Of course, there is also the possibility that one or both failed to

account for some variables' interrelationship which, if treated, would have
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led both to the same conclusion. So it is in this frame of mind that an over-

view of selected previous investigations is given below.

23. Within the last 25 years very few studies have been directed at

major comparative testing of earth-rock mixtures to evaluate the propriety and

accuracy of practices to obtain engineering properties. There have been

instances where project specific materials have been extensively tested but

not in a comparative manner utilizing different procedures and equipment sizes

or by methodically separating variables. In the interest of efficiency, the

authors will address only five past studies which are specifically selected

for the purpose of transitioning the reader from earlier findings into recent

times in a manner that will illustrate some of the problems discussed in the

previous paragraph and set the stage for the new work reported herein. These

previous investigations are described in a report by the USBR (1963), a paper

by Gordon, Hammond and Miller (1965), two reports by Donaghe and Townsend

(1973 and 1975) of the US Army Corps of Engineers Waterways Experiment Station

(WES) and the article by Garga and Madureira (1985).

Findings of Previous Investigations

USBR (1963)

24. In 1963, the USBR reported the results of a study on the compaction

characteristics of soils containing gravel in varying amounts from 0 to

50 percent by weight. The soil samples used in the study were synthesized bY

combining a lean clay soil from Twin Buttes Dam, Texas, with a subangular to

subrounded sand and gravel from Yellowtail Dam, Montana. No information is

given in the report concerning the exact procedures used in batching the sam-

ples or in managing water content. These two soils were combined in various

proportions to produce the 10 research gradations shown in Figure IIA which

span a broad range in maximum particle size, percent sand and percent gravel

and percent minus No. 200 sieve sizes. The gradation of the minus No. 50

fraction used in all of the mixtures is shown as Sample No. 36R-10, Fig-

ure IIA. The gradations of the plus No. 50 fractions which were combined with

Sample No. 36R-10 to form the other nine test gradations are shown as dashed

curves in Figure 11B while the solid curves are the gradations of the plus

No. 4 material for those test samples containing gravel, i.e., Samples No.

36R-1, 2, 3, and 4. If the coarsest gradation of Figure IA, i.e., that one
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with a maximum particle size of 3-in., is taken as the basis of reference, it

is seen that the other gradations would be obtained by successive scalping.

Standard Proctor and large-scale (standard effort) compaction tests for soils

containing gravel were performed in accordance with Designations E-11 and

E-38, respectively, of tf '" BR Earth Manual, First Edition, 1960. The

Standard Proctor test utilized a 4.0-in. diam 1/20 cu ft compaction mold. The

large-scale compaction test utilized a mechanical compactor and a 20-in. diam

by li-in, tall compaction mold although the specimen was compacted in three

layers to a total height of 9 in.

25. The pertinent findings of the study are summarized as follows:

a. Figure 12 presents the standard effort compaction curves
obtained for the ten test gradations of Figure 11A. Viewing
the test gradations as the product of successive scalping, it
is seen that such a procedure results in a consistent decline
in maximum dry unit weight and an increase in optimum water
content. Figure 13 presents the same data. It can also be
said that this trend is observed as the coarse fraction (how-
ever one wishes to define it) becomes less well graded or more
uniformly graded. It is timely here to make a point to aid the
reader in beginning to follow the effects of varying the grada-
tion of an earth-rock mixture. The popular procedure of
scalping with replacement also produces a more uniform grada-
tion of the coarse or "oversized" fraction. It will be shown
later that the same result is obtained, i.e., a lower maximum
dry unit weight and higher optimum water content as compared to
the parent full-scale gradation.

b. Figures 13 and 14 illustrate that the USBR also observed diff-
erences between compaction curves obtained on the same grada-
tion in different size molds and by hand rammer as opposed to
mechanical compactor. For the gradations with No. 4 and
3/8 in. maximum particle sizes, significantly different values
of maximum dry unit weight and optimum water content were
obtained between the 4-in. and 20-in. diam molds. This
explains the discontinuities seen in the plotted trends of
Figure 13. It is clear that although the total applied
compactive effort was identical for both molds, the efficiency
of the applied energy or methodology in densifying the material
was greater in the large mold. This is all that can be said
since all sorts of other variables are involved between the
4 in. and 20-in. mold procedures such as hammer weight, hammer
foot size, layer thicknesses, etc. Figure 14 indicates that
only minor differences were seen between the hand rammer and
mechanical compactor tests performed in the same mold (4-in.)
which were confined to the dry side of optimum and did not
result in a shift in the values of maximum dry unit weight and
optimum water content.
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c. The USBR report also addresses the applicability of Equation i)

in the compaction control of gravelly soils. Figure 15 is a

plot of results obtained in a previous study (USBR, Holtz and

Lowitz 1959) using a material containing well-graded gravel
(No. 4 to 3-in., with all sizes represented) and shows that

there was no significant decline in the calculated dry unit

weight (expressed as percent compaction) of the minus No. 4

fraction below a gravel content of about 30 percent. However,

Figure 16 presents the same results for the minus No. 4 mater-

ials tested in the large mold in the 1963 study for which the

gravels were somewhat more poorly graded and shows that "parti-
cle interference" began at gravel contents lower than 10 per-

cent. The concept of "particle interference" will be discussed

later herein. The second curve of Figure 16 is a similar analy-
sis pertaining to the variation in dry unit weight of the minus

No. 50 fraction of compaction specimens with up to 3/8-in.
maximum particle size and compacted in the 4-in. mold. The

left-hand portion of Curve B, where the sand in the mixture is
poorly-graded, shows that "particle interference" begins at

less than 10 percent sand. However, the right-hand portion of

curve B, wh're the sand becomes more nearly well-graded, agrees
fairly well with respect to percent compaction of the fine
fraction with the corresponding portions of the curves shown in

Figure 15 for the mixtures containing more well-graded gravel.

Therefore, it was concluded that the gradation of the gravel

was almost as important as the percent gravel.

26. Since the term "particle interference" has arisen and will be used

regularly later in this report, it is appropriate to address the concept as

the USBR authors defined it. The concept of "interference gravel content" has

been bandied about through the years leaving in its wake confusion and various

degrees of disagreement. The authors will turn to an argument of the concept

and provide their own definition at an appropriate point later in this report.

Within the USBR 1963 report the authors state their opinion as follows:

"Compaction tests have shown that if the gravel content

is very small, the density of the fine fraction is not

affected by the presence of the gravel. At a certain

gravel content, henceforth referred to as the critical

gravel content, the gravel particles come into contact
and interfere with each other. The critical gravel

content varies with the gradation of the gravel. At all

gravel contents less than the critical gravel content,
the density of the fine fraction is nearly constant and

equal to the density with no gravel present, and the

density (of the fine fraction) can be calculated by

assigning all of the voids to the fine fraction."

There was a very specific meaning attached to gravel particles interfering

with one another as clarified in Figure 17. There it is seen that it was
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envisioned that voids would develop between groupings of gravel particles.

Furthermore, it was implied in the report by absence of any other plausible

explanation that these voids were the sole reason for decreasing calculated

dry unit weight of the fine fraction with all voids associated with it. To

attempt to accommodate such a condition, there were procedures suggested for

associating a portion of the total voids with the gravel fraction for gravel

contents above the critical value. The authors choose not to enter into

treatment of those procedures because they do not believe them to be reliable

or practical. Furthermore, it will be shown later that the development of

partially filled or completely open voids between gravel particles is not

usually observed until gravel contents exceed 60 to 70 percent by weight.

Gradations containing such high gravel contents are not often best compacted

by impact methods in the laboratory, i.e., are more likely to be best treated

by the relative density concept or at least by vibratory compaction. In their

personal experience and in their review of the literature, the authors have

not encountered materials containing more than 10 percent fines (minus No. 200

sieve fraction) and gravel contents in excess of 70 percent used in major

embankments. Compaction characteristics of such gradations are beyond the

scope of this report.

Gordon, Hammond and Miller (1965)

27. These authors report results of compaction studies conducted by the

California Department of Water Resources (CDWR) on the gravelly soil selected

for placement in the impervious core of Oroville Dam. The material studied

was obtained from a borrow area in an alluvial deposit and was fairly well-

graded over a gradation range of gravelly, clayey sand to clayey, sandy gravel

containing up to 65 percent by weight of gravel sizes. The gravel was of sound

mineralogy and varied from subrounded to subangular in particle shape. The

material gradings in the borrow area fell into four major groupings as shown

in Figure 18. These groupings were studied by selecting representative sam-

ples as indicated in Table 10. Maximum particles sizes investigated were 4,

3, 1-1/2, and 3/4-in. and No. 4 sieve size (3/16-in.). The 3-in. maximum par-

ticle size gradations were most carefully examined because the Oroville Dam

specifications required scalping of the borrow material before placement at

this size. It is seen from Table 10 that the test program was based on suc-

cessive scalping. The gradations designed to study the 3-in. maximum particle

size cases (sample Nos. 1-4687 and 2-890) were artificially composed by adding
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various percentages of gravel to each of two samples of minus No. 4 material.

Classification and other physical data pertinent to various fractions are

given in Table !. Laboratory sample preparation consisted of first separat-

ing the material on the No. 4 sieve. The gravel fractions were stored in vats

of water, while the minus No.4 fractions were air-dried and placed in 55-gal

drums. Approximately 24 hr prior to performance of a compaction test, the

minus No. 4 fraction was wetted to predetermined moisture content and allowed

to cure. Where plus No. 4 sizes were needed in the test gradation, the pre-

wetted minus No. 4 fraction was combined with the gravel in its saturated sur-

face-dry condition just prior to compaction. For each compaction specimen

containing gravel, the material was batched by layer to eliminate variations

in grading.

28. The compaction equipment summarized in Table 12 included a variety

of mold diameters and hammer weights coupled with procedures to yield an

intermediate (between standard and modified efforts) compactive effort of

20,000 ft-lb/cu ft (an apparent CDWR standardized test effort of the time).

Interestingly, as a result of this test program a large-size mechanical com-

pactor was developed and installed in the Oroville Dam field compaction con-

trol laboratory. It was designed to handle material with up to a 3-in.

maximum particle size and to deliver 20,000 ft-lb/cu ft compactive effort in a

12-in. diam mold with a 127.5-lb hammer. The equipment then permitted a mold

diameter to maximum particle size ratio as low as 4. California Depart-

ment of Water Resources standard procedure (20,000 ft-lb/cu ft) for compaction

tests on minus No. 4 material is seen from Table 12 to have included a

1/20-cu ft mold, a hammer weight of 10-lb, a height of hammer drop of 18-in,

and a total of five compaction layers with 13 blows per layer.

29. Pertinent observations and conclusions relative to the work by

Gordon, Hammond and Miller are summarized as follows:

a. Compaction curves of the minus No. 4 fractions of samples
representative of Gradings B, C, and D, with data for compari-

son of gradation, specific gravity, and plasticity, are shown
in Figure 19. These curves indicate that the maximum dry unit
weight of the fractions may be more sensitive to plasticity in

the sense of distance above the A-line than to gradation isee
the plasticity chart inset of Figure 19). The actual differ-

ences in gradation were small, the maximum variation in any

particle size being only about 15 percent by weight. Between
curves C and D, however, there was as much as 8 lb/cu ft dif-
ference in maximum dry unit weight. Gordon, Hammond and Miller
also concluded that this marked effect of plasticity carried
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over when gravel was added but to a lesser degree. The greater
the distance of the plasticity data above the A-line, the
higher the maximum dry unit weight.

b. Figure 21 shows the compaction curves of each of the gradations
for each sample shown in Figure 20. Examination of Table 12

indicates that there may be effects of mold sizes, hammer
weights and procedures on the curves of Figure 21 which cannot
be accounted for utilizing the data presented. It is safe to
say that maximum dry unit weight increases and optimum water
content decreases with increasing gravel content. The relative
amount of increase in maximum dry unit weight decreases with
each increment of increasing gravel content. As indicated in
Figure 21 by samples 1-4046 and 1-4047A, this trend continues
until an "optimum" gravel content is reached above which the
maximum dry unit weight begins to decline. It is also observed
from Figure 21 that at higher gravel content the compaction
curve may shift significantly in shape and position relative to
those obtained at lower gravel contents. This occurrence cer-
tainly implies a major alteration in the effects of applied
energy with a comparatively small additional presence of
gravel.

c. Figure 22 shows the results of applying Equation (1) utilizing

the maximum dry unit weights of two minus No. 4 fractions of
differing plasticity to predict that of the full-scale mate-
rial. These data were derived from the test series performed
on the artificial gradations with 3-in. maximum particle size
(see Table 10, samples 1-4687 and 2-890). It is seen that the
predicted (theoretical) values were satisfactory up to some
limiting gravel content in the full-scale gradation (empirical
values). The limiting gravel content for sample 1-4687 with a

CL minus No. 4 fraction was apparently only about 6 percent
while for sample 2-890 with a CL-ML minus No. 4 fraction it was

about 34 percent. Holtz and Lowitz (1957) had shown the limit-
ing gravel content to be 44 percent for a clayey gravel and
36 percent for a silty gravel. The materials of Figure 22 plot
about halfway between those tested by Holtz and Lowitz. The
disparity evident in these comparative findings may indicate
that limiting gravel content cannot be estimated on the basis
of plasticity of the minus No. 4 fraction.

d. Gordon, Hammond and Miller attempted to get around limiting

gravel content with respect to applicability of Equation (1) as
a fill compaction control tool by plotting the ratio of full-
scale maximum dry unit weight to that of a designated smaller
maximum particle size versus the percent gravel larger than the
designated size as shown in Figure 23. For the minus No. 4
fraction data this becomes the ratio of the full-scale minus
3 in. maximum dry unit weight to that of the minus No. 4 frac-

tion versus the percent gravel. Because the minus No. 4
fractions were not extremely different in plasticity (Table 10,
samples 1-4687 and 2-890), it was expected that only one rela-
tionship would be developed which would make for a powerful
means in the field to accurately predict maximum dry unit
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weight of the full-scale material from that of the minus No. 4
fraction. However, as seen in Figure 23, two significantly
different curves resulted from the relatively small differences
in plasticity and grading of the fractions. This is not to say
that this approach isn't feasible if the range of borrow mate-

rials results in only a few such curves which can be clearly
identified in some manner with the particular material taken
from the fill during a routine quality control fill density
test. The significance of plasticity seen here and discussed
in a. above should be borne in mind as the work of Garga and
Madureira is reviewed later herein. The third curve shown in
Figure 23 is for the minus 1-1/2-in, fraction and is much
fia-,=r than those for the minus No. 4 fractions and indicates
ratios of only a little more than 1.0 up to the maximum of
25 percent plus 1-1/2-in, typical of that in the range of bor-
row soils. These small differences are not surprising in
consideration of the small degree of scalping. It would be
expected that a curve developed for the minus 3/4-in. fraction
would be intermediate between the minus 1-1/2-in, and minus

No. 4 fractions.

e. Gordon, Hammond and Miller also looked closely at the relation-
ship of minus No. 4 moisture content to total sample dry unit
weight. The objective was to identify the water contents
required in the minus No. 4 fraction to achieve optimum water
contents (or maximum densities) for mixtures resulting from the
addition of various percentages of saturated surface-dry
gravel. To achieve this, compaction characteristics of the
minus No. 4 fraction were first determined within a plus or
minus 1-1/2 percentage point tolerance of the following points
on the compaction curve: (1) optimum minus 1 percentage point.
(2) optimum, (3) optimum plus one percentage point, and
(4) optimum plus 2 percentage points. Th,=b ranges were then
compared to the resulting ranges on the compaction curves for
the gravelly total samples. Figure 24a through 24d present the
results. The dark bands represent the corresponding ranges on
the compaction curves. The writers wish to emphasize an impor-
tant point illustrated by these data which can have major
impact on quality control/assurance practices. For a given
range in water content of the minus No. 4 fraction, the result-
ing range in water content of the total material is smaller.
This can also be seen using Equation (2) by assuming some
gravel content and gravel absorption and then calculating the
range in total sample water content for a given range in minus
No. 4 water content. So, if water content specifications are
developed around some fraction of the typical total materials,

the specified range is applicable only to that fraction. If
the same range is accepted for the total material during con-
struction, then an inadvertent relaxation of water content
specifications has occurred.

f. Figures 24a through 24b also show that compaction curves for
total materials become increasingly more sharply peaked with
addition of gravel. In other words, the dry unit weight
achieved by a given compactive effort becomes increasingly
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sensitive to moisture content. Should water content specifica-
tions be predicated on the total material and span only 3 to
4 percentage points, fill water contents should then be taken
on the total material removed during a fill density test or
great care should be exercised concerning the value of gravel
water content to be used in Equation (2) to calculate total

material water content from more convenient tests performed on,

say, the minus No. 4 fraction.

Donaghe and Townsend (1973)

30. The first investigation reported by Donaghe and Townsend (1973)

included comparative standard effort compaction tests based on a naturally

occurring earth-rock mixture from a borrow pit utilized in the construction of

DeGray Dam, Caddo River, Arkansas. The gradation of that material is given in

Figure 25 along with two scalped/replaced gradations derived from it and the

gradation of the Minus No. 4 fraction common to all. It is important to note

immediately that the gravel content of the soil was relatively high at

47 percent. The test materiel can be described as a clayey, sandy, gravel

with maximum particle sizes of about 3-in.; the minus No. 40 fraction had

Atterberg limits of LL-37 and PL-14. The gravel particle shapes varied from

subangular to subrounded as the particle size increased. A thorough descrip-

tion of the DeGray Dam, the range in earth-rock mixtures used in its construc-

tion, and the compaction control procedures employed are given by Strohm and

Torrey (1982). Batches for the test specimens were prepared by thoroughly

mixing a predetermined amount of air-dry minus No. 4 material with a measured

quantity of water. The moistened minus No. 4 material was then stored in

airtight containers and allowed to cure for a period of at least 16 hr. The

plus No. 4 material required for each batch was prepared by combining the air-

dry portion of material required for each sieve and then storing the resulting

material in containers filled with water. Immediately prior to compaction,

the cured minus No. 4 fraction was mixed with the saturated-surface-dry aggre-

gate. Except in tests using the 4- and 6-in. molds, each layer to be compacted

was batched separately to prevent variations in gradings between layers.

31. The compaction equipment included a mechanical compactor manufac-

tured by the Howard Company (see Figure 26) and equipped with 18-, 12- and

6-in. diam molds and 5.5- and 24.7-lb rammers having diameters of 2.0 and

6.0 in., respectively. The unadjustable configuration of the mechanical com-

pactor was such that standard effort (12,375 ft-lb/cu ft) could not be pre-

cisely applied. The discrepancies are considered to be insignificant relative
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to the conclusions drawn. Table 13 shows the minor differences involved along

with other data pertinent to mold sizes, rammer sizes and compaction proce-

dures. Equipment used for comparative tests with the hand-held rammer in

4- and 6-in. molds conformed to that described in EM 1110-2-1906, "Laboratory

Soils Testing", Appendix VI.

32. The pertinent findings relative to the Degray gradations are shown

in Figures 27 and 28 and summarized as follows:

a. As in the case of the USBR study discussed above, use of the
mechanical compactor and the hand-held rammer on the same gra-
dation in the same size mold resulted in minor differences in
the compaction data obtained. The USBR tests indicated differ-
ences only on the dry side of optimum water content and no
effect on the values of maximum dry unit weight and optimum
water content (see Fig. 4). However, Donaghe and Townsend
reported a shift in the entire compaction curve for the
scalped/replaced minus 3/4-in. material in the 6-in. mold as
seen in Figure 27, curves A and B. The mechanical compactor
yielded a maximum dry unit weight 1.2 pcf higher than the hand-
held rammer and an optimum water content 0.5 percentage points
lower. Even though these differences are not significant with
respect to test precision (to be discussed later), the mechani-
cal compactor Curve B gives the appearance of having been the
result of a slightly greater compactive effort even though
every element of the tests were identical (even the diameters
of the rammers' feet) other than mechanical versus hand-held
rammer. The explanation for these differences probably lies in
the design of the USACE hand-held rammer of that time which
consisted of a free falling weight which impacted upon a fixed
foot which rested upon the soil. It was discovered that this
arrangement imparted less compactive effort compared to a ram-
mer which permitted direct impact of the falling weight upon
the soil. A study was conducted (Horz 1983) and EM 1110-2-1906
was revised in August, 1986, to specify the hand-rammer of
ASTM, Method D 698 which allows the falling weight to directly
impact upon the soil. The differences in compaction curves
observed by Horz as produced by the old CE rammer and the
current rammer were commensurate with the magnitude of differ-
ences between Curves A and B of Figure 27. Therefore, it is
likely that the more correct compaction curve for the minus
3/4-in. material obtained in the 6-in. mold was that produced
by the mechanical compactor, i.e., Curve B of Figure 27. How-
ever, it is to be noted that there is a very subtle difference
in the slope of the dry-side portion of Curves A and B. with
the mechanical compactor (Curve B) exhibiting a slightly flat-
ter slope as was also observed, although to a greater degree,
by the USBR in the 1963 report (see Figure 14). It is also
pointed out that the compaction curve for the minus No. 4 frac-
tion (Curve C, Figure 27) also must reflect the lower compac-
tive effort imparted by the old USACE rammer design.
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b. Differences were observed between compaction curves obtained on
the minus 3/4-in. scalped/replaced gradation utilizing the
mechanical compactor in the 6- and 18-in. molds. These curves
are those designated Curves B and D in Figure 27. While the
total effort applied was identical, it is obvious that the
efficiency of the applied energy was greater in the 18-in. mold
than in the 6-in. mold. Both mold diameter and rammer foot
diameter must be considered as involved even though the ratio
of rammer foot diameter to mold diameter was identical (1/3) in
both tests. This effect results in a discontinuity in the
relationships among maximum dry unit weight and optimum water
content versus maximum particle size seen in Figure 28 and also
previously reported by the USBR (see Figure 13). The maximum
dry unit weight obtained in the 18-in. mold was 2.2 pcf higher
and the optimum water content was 0.8 percentage point lower
than the corresponding values obtained from the 6-in. mold.

c. Looking at only the mechanical compactor curves of Figures 27
and 18, it is seen that the maximum dry unit weight decreased
and the optimum water content increased with application of the
scalping with replacement procedure to produce successively
smaller maximum particle size. The trend is traced in Figure 27
from the full-scale gradation (Curve E) to the minus 2-in.
(Curve F) to the minus 3/4-in. (Curve B). The principal effect
is not simplistically attributable to change in maximum parti-
cle size, but also to the alteration of the gradation of the
gravel fraction. Remembering that all of the gradations con-
tained the same minus No. 4 fraction and percent gravel content
by weight (see Figure 25), one feasible point of view is that
increasing uniformity of the gravel fraction produced the
observed trend. It must also be borne in mind that increasing
uniformity at constant percent gravel as maximum particle size
decreases is equivalent to a rapidly growing total number of
gravel particles present in the mix. Since the weighted value
of specific gravity of the mixture (see EM 1110-2-1906,
Appendix IV), i.e.

Gmjx + cG,

where

f - percent minus No.4 expressed as a decimal

c - percent gravel expressed as a decimal

G, - specific gravity of solids

Ga - apparent specific gravity of gravel

does not change, the decrease in dry unit weight as maximum
particle size decreases cannot be attributed to such an effect.
Maximum dry unit weight versus optimum water content trends
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down a "line of optimums" with the degree of saturation remain-
ing consistent in comparison to the zero air voids curve (100%
saturation), suggesting that the efficiency of the applied
compactive effort declines as the gradation of the gravel
becomes more uniform. On the other hand, if the decline in
maximum dry unii weight reflects the development of inordinate
voids among groupings of gravel particles (the USBR concept of
"particle interference"), it seems logical that changes in
degree of saturation at optimum water content would have
created some other obviously different trend.

Donazhe and Townsend (1975)

33. In their second report (1975), Donaghe and Townsend present the

findings of an investigation primarily directed at:

a. Determining the validity of the scalping and replacement
procedure.

b. Evaluating the usefulness of Equation (1).

The gradations of the artificially blended compaction test samples are given

in Figures 29. The test gradations were generated by maintaining the percent

fines (minus No. 200 sieve) constant at 25 percent while varying the sand and

gravel contents to achieve mixtures with a maximum particle size of 3-in. and

gravel contents ranging from zero to 60 percent by weight. At the time of the

conduct of this investigation there was no procedure in Engineer Manual

EM 1110-2-1906 for compaction testing of soils containing more than ten per-

cent by weight of particles larger than 1-in. The procedures currently given

in Appendix VIA of the manual were derived from this work. Therefore, the

method employed in creating the scalped/replaced gradations shown in Figure 29

was identical to that now prescribed. The materials used were a subrounded to

subangular concrete mortar sand, a clay (CL), and a subrounded to subangular

washed gravel. The gradation and classification data for the sand and clay

are shown in Figure 30 For emphasis, it is immediately brought to the atten-

tion of the reader that the minus No. 4 fraction of each gradation containing

gravel was different and varied from a clayey sand for the 10 percent gravel

mix to a sandy clay for the 60 percent gravel material. It was also decided

to perform a limited test series on three gradations (see Figure 31) with

variable fines (CL) content and their corresponding scalped/replaced

gradations.

34. The total quantity of soil required for each test specimen was

batched separately. The minus No. 4 material was thoroughly mixed with a

predetermined quantity of water, stored in an airtight container and allowed
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to cure for at least 16 hr. The gravel for each specimen was prepared by

combining the desired air-dry fractions, i.e., 3- to 2-in., 2- to 1.5-in.,

1.5- to 1-in., I-to 3/4-in., 3/4- to 1/2-in., 1/2- to 3/8-in., and 3/8-in. to

No. 4, and storing the combined material in containers filled with water. The

total gravel fraction was reconstituted from these several size ranges in

order to maintain some control over the accuracy of the gradation. Immedi-

ately prior to compaction, the cured minus No. 4 fraction was mixed with the

saturated surface-dry aggregate. The material required for each layer of the

specimen was also batched separately to reduce variation in grading among

layers.

35. Table 14 lists data pertinent to the mold sizes, rammer sizes, and

the compaction procedures. As in the case of the first Donaghe and Townsend

investigation, the hand-held rammer was of the old USACE design and the con-

figuration of the mechanical compactor was such that standard effort could not

be precisely applied.

36. The pertinent data resulting from Donaghe and Townsend's second

investigation is summarized in Table 15. The findings of this investigation

are given in overview as follows:

a. Figure 32 shows the effects of equipment size and procedural
differences on compaction curves obtained for the same materi-
als and again indicates that use of a larger mold and commensu-

rate procedures increases the efficiency of the applied energv
even for the gradation which contained no gravel. The mechani-
cal compactor was used for both tests in the 6-in. mold and the

18-in. mold. Table 14 shows that the ratio of hammer foot

diameter to mold diameter was maintained between the two mold
sizes but not the drop height or number of blows per laver.
There was no testing done to separate individual effects. It
is seen that the maximum dry unit weight obtained in the larger

mold was about 4 pcf higher than that obtained in the smaller
mold. This approximate magnitude of difference was also

reported by Ziegler (1948), Cunny and Strohm (1964) and the
South Atlantic USACE Division Laboratory (1968). It is
recalled that the USBR in their 1963 report obtained differ-
ences between 4-in. mold (hand-held rammer) and 20-in. mold
(mechanical compactor) in excess of 9 pcf (see Figure 13).

b. Figure 33 indicates the magnitude of effects on compaction

parameters resulting from the scalping/replacement procedure
applied to a full-scale material containing 40 percent gravel.

Since mold size represents effects of its own, the full-scale
gradation and its derived scalped/replaced gradation were both
tested in the 18-in. mold so that the only variable was the

gradation of the gravel fraction. The scalped/replaced grada-

tion exhibits a distinctly different compaction curve with a
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maximum dry unit weight 3.9 pcf lower and an optimum water
content 1.4 percentage points higher than the corresponding
values for the fu.l-scale material. There is a slight shift
toward a higher degree of saturation at optimum water content
for the scalped and replaced gradation but otherwise the two
curves appear to reflect a difference in effective energy as
has been previously spoken to.

c. Figure 34 presents the compaction curves obtained on all grada-
tions with a 3-in. maximum particle size and various percent-
ages of gravel. The zero percent gravel gradation was simply
the mixture of the sand (SP) and 25 percent by weight of the
clay (CL). It does not represent a minus No. 4 fraction since
that fraction varied in each of the other gradations as previ-
ously pointed out. It is seen that as the gravel content reac-
hes and exceeds 40 percent, the compaction curves begin to
deviate from the consistent trend in increasing maximum dry
unit weight and decreasing optimum water content exhibited by
the gradations with lesser gravel content. The 60 percent
gravel content data is significantly different from any of the
other curves, particularly with respect to a lower degree of
saturation at optimum water content. Whether one chooses to
use the bulk or the apparent specific gravity of the gravel, it
can be easily shown that the trend in maximum dry unit weight
cannot be explained by the trend in weighted specific gravities
(Equation 3) of the mixes. On the other hand, as long as the
minus No. 4 fraction continues to receive essentially full
compactive effort and there are no inordinate voids around or
among gravel particles, the addition of gravel results in a dry
unit weight increase because the solid particles replace mate-
rial which would otherwise contain voids, i.e., for a given
total volume there is a greater volume of solids. Figure 35
shows that as the gravel content increases so does the maximum
dry unit weight in essentially a linear fashion until about
40 percent gravel where it begins to decline as the obvious
result of reversal of the increase in volume of solids or,
conversely, the increase in volume of voids. The discussion of
possible explanations of this occurrence is reserved until
after presentation of the findings of the current investigation
rep-rt. However, whatever the explanation, Figure 35 shows
that the trend in gravel effects is smoothly transitional.

d. Figures 36 and 37 present compaction curves obtained on minus
3/4-in. scalped and replaced gradations corresponding to the
full-scale gradations of Figure 34 except for the zero percent
gravel gradation. These tests were performed in the 6-in. diam
mold using both the mechanical compactor (Fig. 19) and the
hand-held rammer (Fig. 30). The maximum dry densities of the
scalped/replaced gradations are also plotted in Figure 35 for
the purposes of comparison with the full-scale gradation data.
Small (considered insignificant) differences were observed
among values of maximum dry unit weight and optimum water con-
tent obtained by the mechanical compactor and the hand-held
rammer. The mechanical compactor yielded maximum densities
mostly slightly higher (maximum of 0.7 pcf) than those yielded
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by the hand-held rammer. The very small differences in optimum
water contents appeared to be random in relative direction with
respect to equipment type. For these materials, the old ver-
sion CE hand-held rammer did not mismatch the energy of the
mechanical compactor to the degree seen in the previous study
for the DeGray Dam gradation. There is no ready explanation of
these observations. As has been previously seen for scalped
and replaced gradations, the compaction parameters do not match
those of the corresponding full-scale gradations. The maximum
dry unit weights are lower and the optimum water contents are
higher than those of the full-scale gradations. The deviations
of maximum dry unit weight of the scalped/replaced gradations
from the corresponding full-scale gradations are plotted in
Figure 38. The differences occur at even the lowest gravel
contents. Furthermore, unlike the full-scale gradations, the
scalped and replaced values of maximum dry unit weight appear
to decline steadily with increasing gravel content. Since the
minus No. 4 fraction was identical between corresponding full-
scale and scalped/replaced materials, the source of the differ-
ence seen must be the difference in gradation of the gravel
fraction.

e. The compaction curves for the minus No. 4 fractions of the
full-scale gradations performed in the 4-in. mold with the
hand-held rammer are shown in Figure 39. Using these data in
companion with that presented above, it is now possible to
address the applicability of Equations (1) and (2) in predict-
ing the maximum dry unit weight and optimum water content of
the full-scale gradations from tests performed un the minus
No. 4 fraction or vice versa. Furthermore, if the scalped/
replaced gradations are viewed as just another set of earth-
rock mixtures with more uniformly graded gravel fractions, the
same comparisons can be made. It is immediately obvious
because of the differences in compaction parameters seen
between the full-scale and companion scalped/replaced
gradations that Equations (1) and (2), if they predict well in
either case, certainly cannot do so for both. Figure 40 shows
the results of application of Equation (1) between full-scale
and corresponding minus No. 4 fractions. Up to a gravel
content of 40 percent, Equation (1) closely predicts the
maximum dry density of the full-scale material utilizing the
maximum dry unit weight of the minus No. 4 fraction and vice
versa. However, Figure 41 presenting results of the same com-
putations applied to scalped/replaced data reveals that Equa-
tion (1) does not predict maximum dry unit weights in either
direction beginning at the very lowest gravel contents.
Examining the deviations of maximum dry unit weights of the
gradations containing gravel predicted from the minus No. 4
fraction from their actual values, it is seen that the devia-
tion at 50 percent gravel for a full-scale gradation (Fig. 33)
is approximately equivalent to that for the a scalped/replaced
gradation containing 20 percent gravel (Fig. 34). It is
interesting to note from the family of gradation curves of
Figure 29 that the gradations of the gravel fractions of these
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two materials are essentially parallel. This is to say that
the gravel gradation of the scalped/replaced material contain-
ing 20 percent gravel corresponds with respect to uniformity to
that of the full-scale gradation contair 'g 50 percent gravel.
A very crude computation using an average spherical particle
diameter of gravel for these two gradations reveals that the
number of average size particles in the scalped and replaced
gradation is some 20 times larger than that for the full-scale
gradation. This leads to the suggestion that it is not the
number of gravel particles which produces an apparent reduction
of effective compaction effort which reaches the minus No. 4
fraction but rather the gradation of the gravel.

f. The optimum water content data for all gradations and values
predicted using Equation (2) are plotted in Figure 42. No
value of absorption was determined for the gravel but its
effect on the calculations yielded by Equation (2) is so minor
and the range in its value for most aggregate is so confined
that the assumption of a value of 4 percent is considered
acceptable. It is evident that the water contents predicted
from the optimum values of the minus No. 4 fractions fall
within one percentage point of the optimum water contents of
the full-scale gradations for every gravel content. On the
other hand, this is not true for the scalped/replaced grada-
tions except for the lowest gravel content. The water contents
of the minus No. 4 fractions predicted from the optimum values
of the corresponding full-scale materials generally deviate
about one percentage point either side of the actual values of
optimum water content of the fraction. It is noted that the
deviations of predicted values from observed values is larger
for the minus No. 4 fractions than for the full-scale grada-
tions. It is a noteworthy occurrence that the gravel content
(40 percent) at which the trend in predicted values of water
content intersect and cross over the trend in actual values of
optimum water content for both full-scale materials and minus
No. 4 fractions corresponds to the gravel content at which the
predicted maximum dry unit weight values begin to clearly devi-
ate from actual values (see Figure 40). The relative proximity
of predicted values of water content to observed optimum values
is interpreted to imply that, whatever the precise effects of
the addition of various amounts of gravel, the changes in opti-
mum water content resulting appear to be consistent with the
addition of solid particles replacing material containing
voids, the comparative efficiency of applied compactive effort
on the minus No. 4 material between the 4-in. and 18-in. molds
and the "interference" of the gravel on the efficiency of
applied energy affecting the minus No. 4 fraction.

g. The testing by Donaghe and Townsend related to the effects of
fines content is addressed in Figures 43 through 46. The
results with respect to maximum dry unit weight are summarized
in Figure 46 where it is seen that fines content did not sig-
nificantly effect the usefulness of Equation (1) in predicting
full-scale maximum dry unit weights from those of the minus
No. 4 fractions or vice versa. As before, the scalped/replaced
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gradations did not model the full-scale results nor could the
maximum dry unit weights be predicted with acceptable accuracy
with Equation (1) between these gradations and the minus No. 4
fractions. The optimum water content data is given in Fig-
ure 47 where these same conclusions apply.

Garga and Madureira (1985)

37. The last work to be summarized is that by Garga and Madureira

(1985) who performed a particularly extensive compaction investigation con-

cerning a natural river terrace soil employed in the construction of Sao Simao

Dam in Brazil. The soil varied from a well-graded gravelly clayey sand to a

clayey sandy gravel. As seen in Figure 48, the coarse fraction content (plus

No. 4 fraction) ranged from 30 to 70 percent by weight while the fine fraction

(minus No. 200 sieve) ranged from about 10 to 35 percent. The gravel sizes

were rounded to subrounded in shape, exhibited an average bulk specific

gravity between 2.5 and 2.6 and an absorption between 1 and 3 percent. The

Atterberg limits associated with the minus No. 4 fractions were a Liquid Limit

range of from 20 to 35 percent and a Plasticity Index of 5 to 15 while the

specific gravity of the solids (G, ) varied from 2.76 to 2.87. Nominal mold

diameters of 4-in., 6-in., 12-in. and 20-in. were used. The characteristics

of the compaction equipment and methods used to achieve the desired compactive

efforts are given in Tables 16 and 17, respectively. Because preliminary

field compaction trials showed the compacted densities to be close to those

obtained using an intermediate energy (24,985 ft-lbs/cu ft), most laboratory

tests were performed using this energy. The USBR Earth Manual (1963) Specifi-

cations E-11 and E-38 were generally followed.

38. The coarse fraction (gravel, i.e., plus No. 4 sieve sizes), with a

maximum size of 3-in. was separated at the No. 4 sieve into 3/8-in., 3/4-in.,

and 1-1/2-in, sieve sizes. In order to determine the moisture-density curves,

five samples with rectilinear gravel fraction grain-size curves were composed

for each required gravel content. For example, a sample containing 60 percent

gravel with a maximum particle size of 3-in. would contain 15 percent retained

on each of the No. 4, 3/8, 3/4, and 1-1/2-in, sieves and 40 percent minus

No. 4 material as illustrated in Figure 48. The specimens were batched by

adding required amounts of gravel to the minus No. 4 material from a stock-

pile. Preliminary test results had indicated that relatively small variations

in grain size and plasticity of the minus No. 4 materials had a significant

effect on the maximum dry unit weight. Thus, the index properties and the
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maximum dry unit weight of the minus No. 4 fractions were determined for each

series of tests. Compaction tests were not carried out beyond a gravel con-

tent of 70 percent, since several previous investigations (Jones 1954; Holtz

and Lowitz 1957; Gordon et al. 1959; and Pellegrino 1965) indicated that the

highest maximum dry densities of earth-rock mixtures are obtained at gravel

contents below 70 percent. Garga and Madureira state that water was added

only to the minus No. 4 fractions, with the gravel fraction remaining at its

natural water content (between 1 and 3 percent) while in some test series the

coarse fraction was saturated and then surface dried (ASTM Method C97) to

study the effect of water absorption of the gravel on the compaction charac-

teristics. The two fractions were then mixed and left to cure for at least

12 hr.

39. Before each compaction test, a representative sample oL -± minus

No. 4 material was obtained for determination of its water content. Because

of the lack of adequate oven space, the water content of the total material

was calculated using Equation (2) from the measured water content of the minus

No. 4 fraction and either an assumed water content of the gravel fraction or

its absorption. In following this procedure, Garga and Madureira state that

the water content of the gravel fraction mixed at its natural water content

(I to 3 percent) was taken as zero while the water content of gravel mixed in

a saturated surface-dry state was taken as its absorption (also 1 to 3 per-

cent). The explanation of this practice was that it had no significant

effects on results. This will be examined in discussion of findings below.

They further state that the dry unit weight of the minus No. 4 fraction within

a compacted mixture was back-calculated from the percent gravel, dry unit

weight of the compacted total material, and the water content of the minus

No. 4 and gravel fractions. The writers can only interpret this to mean that

once the dry unit weight of the total sample was calculated using the fraction

water contents, Equation (1) was applied to calculate the dry unit weight of

the minus No. 4 fraction.

40. The results of the compaction test program are summarized in

Table 18. Selected findings by Garga and Madureira were as follows:

a. Comparative tests (Table 18, Series 7,8,16,18 and 19) were done
to determine the effects of mold size on compaction parameters
(implicitly also includes effects of rammer sizes and layer
thicknesses). Figure 49 presents the results of Test Series
7,8,18 and 19 on minus 3/4-in., minus 1-1/2-in, and minus 3-in.
gradations. For the minus 3/4-in. and minus 3-in gradations

39



the maximum dry unit weights obtained in the larger mold tended
to be only slightly higher than those obtained in the smaller
mold. However, the tests on minus 1-1/2-in, materials showed a
reverse trend. The magnitude of the differences are smaller
than those observed from the previous studies reviewed. This
is true even though for the minus 1.5-in. and minus 3-in. gra-
dations the ratio of mold diameter to maximum particle size was
as low as 4 in the small molds. Indeed, considering the typi-
cal precision, i.e., repeatability, of compaction data by a
single individual, it may be contended that there were no dif-
ferences seen. It is pointed out that the data seen in
Figure 49 for the minus 3-in. gradations may not be comparable
(see Table 18, Test Series 7 and 8) because the minus No. 4
fractions between the two mold sizes were not identical, par-
ticularly with respect to the specific gravity of solids, i.e.,
2.76 versus 2.87.

b. Figures 50 and 51 present the maximum dry unit weight and opti-
mum water content data for the range of gradations tested
applying standard (12,375 ft-lb/cu ft), intermediate
(24,985 ft-lb/cu ft) and modified (56,250 ft-lb/cu ft) compac-
tion efforts (Table 18, Test Series 1 through 12). It is seen
that there were relatively minor differences in maximum dry
densities and optimum water contents obtained among the differ-
ent gradations for each compactive effort above a gravel con-
tent of 30 percent. For both maximum dry unit weight and
optimum water content, there were generally greater differences
among the minus No. 4 fractions (zero gravel content) than the
mixtures with gravel. Garga and Madureira state that prelimi-
nary testing had clearly indicated that relatively small varia-
tions in grain size and plasticity of the minus No. 4 fraction
had a significant effect on the maximum dry unit weight of the
total materials containing gravel. However, none of the grada-
tions shown in Figures 40 and 41 contained identical minus
No. 4 materials. Liquid Limit of the minus No.4 materials
ranged from 26 to 30, Plasticity Index ranged from 6 to 10,
Specific Gravity of solids ranged from 2.76 to 2.87 and minus
No. 200 ranged from 40 to 55 percent. It is important to
realize that because Garga and Madureira used rectilinear
grain-size distributions for the gravel fractions that the
gradation of the gravel fractions of the minus 1-1/2-in, and
minus 3/4-in. materials shown in Figures 50 corresponded to
those of scalped and replaced gravel fractions compared to the
minus 3-in. materials at the same gravel contents. Other
investigators and Garga and Madureira (to be discussed below)
have consistently shown that "true" scalped/replaced gradations
(i.e., containing identical minus No. 4 fractions) yield lower
maximum dry unit weights increasingly with increasing gravel
content compared to the parent full scale material (see
Figure 38). The absence of this trend in Figure 50 implies
that the variations in physical characteristics of the minus
No. 4 fractions completely masked the expectably significant
effects of increasing uniformity of the gravel fraction for
gradations containing the same gravel content. No inferences
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are attempted relative to optimum water content because the
effects of scalping and replacing on that parameter as compared
to full-scale materials appears to be erratic (for example, see
Figure 36).

c. Figure 52 shows the effects on maximum dry unit weight of vary-
ing compactive effort and gravel content for gradations con-
taining a maximum particle size of 1-1/2 in. Again, this
figure must be viewed in the knowledge that the minus No. 4
materials were not identical. The 30 and 50 percent gravel
gradations exhibited a slight increase in maximum dry unit
weight from intermediate to modified effort while the 40 and
60 percent gravel gradations showed decreases. However, it is
seen that the differences between intermediate effort maximum
dry unit weight and modified effort maximum dry unit weight for
the gradations containing 40 or more percent gravel were less
than 1 lb/cu ft. Therefore, rather than any actual decrease in
maximum dry unit weight from intermediate to modified effort,
the probable proper interpretation considering test precision
is that very little, if any, densification was achieved for
these gradations by increasing effort from intermediate to
modified. The minus No. 4 fractions reflected increases in
maximum dry unit weight almost directly proportional to the
relative increase in compactive effort. With gravel present,
however, the mixtures exhibited much greater relative densifi-
cation between standard and intermediate efforts than did the
minus No. 4 material but much less above intermediate effort.
Thus, it is evident that the presence of gravel, notwithstand-
ing mold size effects, significantly influences the manner in
which the material responds to applied energy.

d. A test series (Table 18, Test Series 15) was performed using
identical minus No. 4 material to compare results obtained on
three minus 3 -in. and three minus 1-1/2-in, gradations which
were scalped/replaced on the 3/4-in. sieve to those for their
parent full-scale gradations. The results of this series are
given in Figures 53 and 54. Remembering that the gravel
gradations were all rectilinear, it can be shown that
scalped/replaced minus 3-in. gradations would have involved
substitution for about 20 percent by weight of the total
material at 40 percent gravel, about 25 percent at 50 percent
gravel, and around 30 percent at 60 percent gravel. Likewise,
the minus 1-1/2-in, gradations would have involved substitution
for about 13 percent by weight of the full-scale material at
40 percent gravel, 17 percent at 50 percent gravel, and
20 percent at 60 percent gravel. Surprisingly, at the lowest
gravel content tested of 40 percent, the full-scale and
scalped/replaced gradations all exhibited precisely identical
maximum dry densities even though the mold sizes varied
(Figure 53). This occurrence appears to have aroused no suspi-
cions as to its general validity over the range of natural
gradations and characteristics of minus No.4 materials. Garga
and Madureira concluded from this one test series for the pur-
poses of fill compaction control that the substitution method
would replicate full-scale maximum densities at gravel contents
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below 40 percent. Anyway, this test series clearly confirms
the effects of increasing uniformity of the gravel gradation on
maximum dry unit weight as observed by other investigators
since the only variable among these gradations was the grada-
tion of the gravel fraction. This also indicates that for all
the other compaction series where the minus No. 4 fractions
varied in grain size, plasticity and specific gravity of
solids, that effects of variable uniformity of the gravel frac-
tions between tests series were largely or completely masked.
These statements are contradictory of Garga and Madureiras'
conclusion drawn from Test Series 17, Table 18, which was per-
formed to examine influence of gradation. They concluded that
compacted dry unit weight was essentially independent of the
shape of the particle distribution curve. However, Test
Series 17 did not include scalped and replaced specimens and
there is no indication of characteristics of the minus No. 4
materials. In addition, Test Series 17 involved only 50 and
60 percent gravel contents such that the rectilinear gravel
gradations would have remained essentially parallel. From
Figure 54, Garga and Madureira saw inconsistent trends in opti-
mum water content but not to the degree that Donaghe and
Townsend (1975) report in Figure 36.

e. Garga and Madureira report the performance of a laboratory test
program in conjunction with test fills to determine a practical
and convenient fill compaction control method. They state as
follows:

"At San Simao, with an average gravel content of 40-
50 percent, both the substitution (scalping and replacing) and
the elimination (scalping) methods could be used for compaction
control in the field. The first method was utilized up to a
gravel content of 40 percent, while elimination of plus 3/4-in.
fraction was used for higher gravel contents. Results of field
compaction trials (test fills) provided a direct comparison of
the degree of compaction provided by the two methods."

The comparative degrees of compaction by the two methods
are shown in Figure 55. Garga and Madureira provide no labora-
tory or field data in support of Figure 55. Table 18 includes
no testing of scalped fractions and only one series on
scalped/replaced gradations beginning at 40 percent gravel. It
is not stated by Garga and Madureira and can, therefore, only
be inferred by the reader that they performed comparative
scalped and replaced and scalped compaction tests on material
extracted from the location of each of the 26 fill density
tests corresponding to the data of Figure 55. There is no
indication that compaction tests were also performed on the
full-scale materials from each density test location. So, it
must be presumed that the maximum dry unit weights of the total
materials for scalped cases were predicted using Equation (i)
and the maximum dry unit weight of the scalped/replaced grada-
tions were taken to be equivalent to those for the total mate-
rials. Figure 48 indicates that fill material could have
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contained anywhere from about 35 to about 75 percent gravel but
no information is provided as to the gravel contents of the
26 fill samples. The importance of all of the above presumably
omitted information is apparent upon contemplation of Fig-
ure 55. That figure indicates that whatever the gravel con-
tents, either scalping/replacing or scalping on the 3/4 -in.
sieve yielded values of percent compaction which were within
two percentage points of each other for each of the 26 data
points. The more important, and unanswered question, is which
values of percent compaction were more nearly correct? It
appears to be an honest question in light of all the effort
involving test fills as to why compaction tests were not also
performed on the total material from the fill density test
locations to establish the true values of percent compaction
for comparison to those values yielded by the two "shortcut"
methods? Figure 55 a]-o confirms the expected relationship
between percent compactions obtained by the two methods used.
In the case of use of scalped/replaced gradations to "model"
the full-scale material, the maximum dry unit weight yielded
for gradations of low gravel content (say, less than 10 per-
cent) would be expected to be close to that of the full-scale
parent gradation but would begin to be seriously less than that
of the total material as gravel content increases. Therefore,
at low gravel content, the substitution method would be
expected to provide good estimates of percent compaction but
would result in inflated values with respect to correct values
as the gravel content increases, i.e., as the percent by weight
substituted increases. On the other hand, use of Equation (1)
with the maximum dry unit weight obtained on a scalped grada-
tion to predict the full-scale maximum dry unit weight would be
expected to slightly underestimate to accurately estimate up to
the "interference" gravel content and then overpredict the
maximum dry unit weight of the total material above that gravel
content. This would result in slightly inflated to "good"
values of percent compaction for materials with gravel content
less than the interference value but deflated percent compac-
tion for materials with gravel contents above the interference
value. So, for 18 of the 26 samples plotted in Figure 55, the
substitution method yields a percent compaction which is higher
than that obtained using elimination. For the other 8 samples
where the opposite was true, it can only be surmised that the
gravel contents were sufficiently below the interference values
such that the elimination method with Equation (1) yielded
higher values compared to the substitution method. None of the
above comments are intended to imply that Garga and Madureira
did not confirm the adequacy of their selected compaction con-
trol procedures.

f. Figures 56 through 60 address the application of Equation (I)
in predicting the maximum dry unit weight of a full-scale gra-
dation (minus 3-in. and minus 1-1/2-in.) from that of the minus
No. 4 fraction. Since the various maximum particle size and
percent gravel gradations were generated by adding gravel to a
given minus No. 4 fraction, the dry unit weight of the fine
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fraction taken into Equation (1) for the range of gravel con-
tents for a given test series is the maximum dry unit weight of
that particular minus No. 4 fraction. Figure 61 summarizes the
deviations of predicted values from actual values. Figure 62
presents the predicted densities of minus No. 4 fractions in
terms of percent compaction. Again, the reader is remind,±d
that the minus No. 4 fractions of all the gradations were vari-
able which tends not only to obscure trends among gradations
but also renders comparative observations questionable. None-
theless, taking a deviation of predicted value from actual of
about 2 lb/cu ft as maximum allowable error, it is seen from
Figure 61 that Equation (1) would not be dependable for these
materials above a gravel content of about 25 percent for stan-
dard and intermediate compaction efforts just a Garga and
Madureira concluded. At modified compaction effort, the pre-
dicted values begin to deviate more strongly from actual values
for both the minus 3-in. and minus 1-1/2-in, gradations. This
observation raises a serious question as to usefulness of the
minus No. 4 fraction for predicting maximum dry unit weight of
the total material at modified effort. It was previously
pointed out that at the modified effort, the total material
showed no significant increase in maximum dry unit weight over
intermediate effort while the minus No. 4 matp-ial showed a
commensurate increase in maximum dry unit weight. Therefore,
while the minus No. 4 maximum dry unit weight rose with
increased compactive effort, the total material maximum dry
unit weight did not which resulted in Equation (1) more
severely overpredicting the maximum dry unit weight of the
total material. There is no data available to determine how
much use of the minus 3/4-in. fraction would have reduced the
problem. Figure 62 shows that percent compaction of the minus
No. 4 fraction declines steadily as expected with increasing
gravel content with the lowest percent compactions associated
with modified compaction effort again because of the increase
.n maximum dry unit weight the minus No. 4 fraction with
increase in effort while the total material maximum dry unit
weights changed very little.

g. Garga and Madureira did not determine the water contents of
total compacted specimens containing gravel but instead calcu-
lated those values from water contents obtained on representa-
tive samples of the minus No. 4 fraction prior to combination
with the gravel and a water content of the gravel of either
zero or the absorption. In the cases where the gravel was used
at its natural water content (stated to be between 1 and 3 per-
cent), a value of zero was used along with the water content of
the minus No.4 fraction to compute the total mix water content.
This practice was stated to have insignificant impact on
results. But, if the natural water content of the gravel was
3 percent and the gravel content of the mix was 70 percent.
Equation (2) indicates an error of 2.1 percentage points.
Considering the fact that the optimum water contents of minus
3-in. gradations containing 70 percent gravel were only about
5 percent, this error cannot be treated as insignificant. The
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issue is brought into clearer focus if fill compaction control
is addressed where typical specified range in placement water
content for such materials would be on the order of plus or
minus 1-1/2 to 2 percentage points with respect to optimum
water content. Obviously, inattentiveness to the actual water
content of the gravel would result in failure to actually con-
trol pldcement wpter content as specified. In the cases where
gravel was used in a saturated surface-dry cnndition, an
absorption was used in the calculations of total sample 4at~r
content. The preliminary water contents of the minus No. 4
fractions and the calculated total compacted specimen water
contents were reported for these 10 test series. These values
were substituted in Equation (2) to back-calculate a water con-
tent of the gravel. Figures 63 through 65 provide the results
of these back-calculations for the various maximum particle
size gradations and various compactive efforts. Nine of the
10 test series employed gravel with a bulk specific gravity of
2.59 and the tenth was 2.56. Garga and Madureira stated that a
bulk specific gravity of 2.59 was associated with an absorption
of 1 percent while a gravity of 2.56 was associated with an
absorption of 3 percent. The one mix with gravel of 2.56 bulk
specific gravity was the minus 1-1/2-in, gravel compacted at
modified effort (Test Series 10, Figure 64). It is seen from
Figures 63 through 65 that the back-calculated gravel water
contents tended to average about the stated absorptions but it
is clear that specific values of one or three percent absorp-
tion would not yield the total sample water contents reported.
Test series 12, Figure 63 and Test Series 4, Figure 65 did not
conform at all. The minus 3/4-in. gravel of Test Series 4 was
almost dry and the minus 3-in. gravel of Test Series 12 exhib-
ited an absorption of 3 percent instead of one percent corre-
sponding to its stated bulk specific gravity of 2.59. Because
of this, assessment of the use of Equation (2) to predict opti-
mum water content of the total material from that of the minus
No. 4 fraction is not feasible.

41. The authors have summarized the findings of five previous inves-

tigations in order to orient the reader regarding the range and effects of

variables involved in the determination of compaction characteristics of soils

containing large particles. If the reader at this point is somewhat confused,

let it be said that the authors also intended to reveal the state of confusion

within the profession concerning the subject. However, careful reconsidera-

tion of the five studies indicates that the first four (USBR, CDWR and CE)

were mutually supportive in several observed trends such as those resulting

from the effects of mold size, maximum particle size, gradation of the gravel

fraction, etc., while the fifth (Garga and Madureira) indicated very few sig-

nificant differences among compaction parameters obtained across the range of

maximum particle sizes and gradations other than those attributable to
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different compactive effort. It was concluded by the authors of this report

that the key to the apparent insensitivity of the Sao Simao Dam earth-rock

materials resulted from the failure to isolate the characteristics of the

minus No. 4 fraction as a test variable. That is to say, Garga and Madureira

did not report tests on true scalped gradations and performed only a very

limited test series on true scalped/replaced gradations. The test series on

true scalped and replaced materials confirmed the trends for such altered

mixtures seen by other investigators. The comparisons of compaction data for

gradations containing different maximum particle sizes also suffered from the

fact that each such gradation contained a different minus No. 4 material.

These differences prevent adequate assessment in a research context of effects

of gradation of gravel fractions. On the other hand, Garga and Madureira's

practice of adding various percentages of gravel to a given minus No. 4 mate-

rial did provide useful data from each of those separate test series for

examining the usefulness of Equations (i) and (2) for predicting full-scale

compaction parameters from those of the minus No. 4 fraction at different

compactive efforts. It was also valuable to see that a doubling of effort

from intermediate to modified resulted in no significant change in the com-

pacted nature of the material across the range of all the variables. In addi-

tion, it was of value to learn from Garga and Madureira that the vibratory

rollers employed produced compacted densities equivalent to those correspond-

ing to a laboratory effort between standard and modified efforts.
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PART IV: TESTING PROGRAM

Testing Objectives

42. The authors had to make decisions concerning a test plan which

would conform to funding and time constraints but at the same time produce

enough of the right types of compaction data to resolve or significantly con-

tribute to resolving several important issues regarding the laboratory deter-

mination of compaction characteristics of earth-rock mixtures. In addition,

the test plan was also required to yield data which could be used to assess

the quality of current laboratory and field practices related to compaction

control. Those practices have been derived or simply adopted as a means of

avoiding to a maximum possible degree the laborious, expensive and time-

consuming laboratory testing of the natural gradations containing significant

percentages of particle sizes dictating large specimens, large-scale testing

equipment, and large-scale material handling and processing capabilities. The

authors decided upon the following objectives:

a. Development of a large-scale compaction test employing a
mechanical compactor, including a suitable range in mold sizes,

permitting testing of gradations containing particles up to the

3-in. sieve size and satisfactorily devoid of mold size
effects. Selected mold sizes included 6-in., 12-in., and

18 in. diam.

b. Assessment of the adequacy of current practice of EM 1110-2-

1906 which allows scalping of an earth-rock mixture containing

up to 5 percent by weight of oversized particles to avoid test-

ing in the next larger diameter mold.

C. Assessment of the reliability of equations cited in Appendix B

of EM 1110-2-1911 for predicting the maximum dry unit weight

and optimum water content of an earth-rock gradation from those

of its minus 3/4-in. and minus No.4 sieve fractions.

d. Assessment of the reliability of methods used by other agencies

for predicting the maximum dry unit weight of an earth-rock
gradation from that of the minus No. 4 sieve fraction.

e. Improvement of the understanding of the effects of gravel con-

tent on the compacted state of a fraction.

f. Development of a more reliable method for predicting the maxi-

mum dry unit weight and optimum water content of an earth-rock

gradation from the corresponding value for the minus 3/4-in.

and minus No. 4 sieve fractions.
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Test Gradations

43. The most fundamental decision concerns the gradations to be tested.

The last research work at WES on compaction characteristics of earth-rock

mixtures was that by Donaghe and Townsend (1975). Their primary objectives

were to assess the use of the equations for predicting maximum dry unit weight

and optimum water content of the total material form those values for a frac-

tion (EM 1110-2-1911, Appendix B) and to evaluate the practice of scalping

with replacement. To do so, they generated artificially blended minus 3-in.

full-scale gradations (see Figure 29) by fixing the percent fines (minus

200 sieve) at 25 percent, varying the gravel content and adding the dictated

sand fractions. The minus No. 200 sieve material was a clay (CL). Therefore,

each minus 3-in. full-scale gradation contained a different minus No. 4

fraction with respect to the relative proportions of sand and clay of which it

was composed. Consequently, the plasticity of the minus No. 4 fraction

increased as the gravel content increased. This was true because the sand

content of the minus No. 4 fraction decreased as gravel content increased

while the clay content (minus No. 200 sieve fraction) remained constant.

Minus 3/4-in. scalped/replaced gradations corresponding to each full-scale

minus 3-in. material were tested along with each minus No. 4 fraction. There-

fore, the only scalped gradations tested were tne minus No. 4 fractions.

44. To complement the gradational array tested by Donaghe and Townsend,

and to address the effects of scalping, ic was decided to generate artifi-

cially blended gradations predicated upon scalping down in particle size from

a maximum size of 3 in. Since it was also desired to achieve a general

assessment of the use of various equations for predicting maximum dry unit

weight and optimum water content from corresponding values of a fraction, it

was also necessary to vary gravel content and plasticity of fines (minus

No. 200 sieve sizes). The test program thus included four minus 3-in. full-

scale gradations containing 28 to 64 percent gravel with plastic and nonplas-

tic fines and scalped fractions of each of those full-scale gradations having

2 in., 3/4-in. and No. 4 sieve maximum particle sizes. Two minus 3/4-in.

(and, consequently, two minus No. 4 fractions) were selected to be added to

the various plus 3/4-in. fractions. Note that the scalping approach also

resulted in variable percent fines.
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45. The gradation curves generated are described in Table 19 and

plotted in Figures 66 and 67. Note that each scalped gradation can in itself

be treated as a full-scale gradation with a smaller maximum particle size and

the next smaller maximum particlc size scalped gradation is also a fraction of

it. So, compaction test results from each set of gradations with a given

maximum particle size can be compared among themselves in like manner. The

gradations adopted are typical of those seen in USACE projects in their range,

shapes and fines content.

Test Plan

46. The test plan consisted of two phases as follows:

a. Phase I: Develop a large-scale compaction test employing a
mechanical compactor, including a suitable range in mold sizes,

permitting testing of gradations containing particles up to the

3-in. sieve size and satisfactorily devoid of mold size
effects. Selected mold sizes included 6-in., 12-in., and

18 in. diam.

b. Phase II: Using the compaction test procedures developed in a.

above, perform standard effort compaction tests on the grada-

tions described in Table 19 and shown in Figures 66 and 67.

The specifics of the Phase I testing to development the large-scale compaction

test are presented in Part V of this report.

Testing Techniques

47. Another fundamental aspect of the test program is the decision as

to how to approach methods or procedures. Donaghe and Townsend worked within

a research context without emphasis on the practicality of their testing tech-

nique for routine use by typical USACE Division and field laboratories. For

instance, they determined material quantities required for a given compacted

specimen such that the last compacted lift overfilled the mold into its collar

by about 1/4-in. The unaltered surface of the specimen was then varnished to

seal it and the total specimen volume calculated by deducting the volume of

water required to fill the space above the specimen surface to the top of the

mold collar from the known total volume of the mold-collar assembly.

Obviously, such a procedure is not practical for routine testing. Since a

major objective of the work reported herein is to develop routine laboratory
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compaction test methods, it becomes a necessary imposition upon the study of

the effects of the variables that methods and procedures used are of a prac-

tical nature as opposed to specialized research techniques and that the tests

be conducted bv a journeyman level laboratory technician. This approach can-

not be said to introduce error because the accuracy of a compaction test is

undefined, but there is every reason to expect an impact on testing precision,

.e, the range in results of replicate tests.

Materials

48. The materials tested in this invstigation were prepared by combin-

ing rounded to angular washed gravel and a subrounded to subangular mortar

sand (SP) with either a silt (ML) or clay (CH) to produce the gradations

described in Table 19 and plotted in Figures 66 and 67. Classification data

for the clay, silt and sand are given in Figure 68. The silt is Vicksburg

loess and the clay is commonly referred to as Vicksburg "buckshot" clay. The

majority of the gravel particles were subrounded with occasional angular

shapes occurring as broken fragments. The placer (alluvial) gravel was

obtained from deposits of the American River, California, in the vicinity of

the Folsom Dam (near Sacramento). These quartzitic, granitic and andesitic

(hard, durable) gravels occur in the foundation of the auxiliary dam and were

employed in the construction of the embankments. The bulk, G, and apparent,

Ga, specific gravities of the gravel were 2.68 and 2.83, respectively, and the

absorption (ASTM 1991e) was therefore 2.0 percent [the absorption, A = (Ga -

Gm)/GaGm x 100 percent].

49. Gradations of the gravel and plus 3/4-in. fractions associated with

the gradations of Figures 66 and 67 are given in Figures 69 through 72.

Prior to use in the testing program, the three finer components (sand, silt

and clay) were spread on a concrete floor and air-dried. After drying, the

silt and clay were processed through a corn crusher to break down any aggre-

gations. The washed gravel was also air-dried (air dry water content

- 0.6 percent) before sieving into the following size ranges:

a. Plus 3-in. (discarded).

b. 3- to 2-in.

c. 2- to 1-1/2-in.

d. 1-1/2- to 1-in.
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e. I- to 3/4-in.

f. 3/4- to 1/2-in.

Z. 1/2- to 3/8-in.

h. 3/8-in. to No. 4 sieve.

Photographs of the utilized size range fractions are shown in Figures 73

through 79.
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PART V: PHASE I TESTING PROGRAM: DEVELOPMENT OF THE
LARGE-SCALE COMPACTION TEST

The Need

50. Donaghe and Townsend (1973 and 1975) and other previous investiga-

tors have indicated that compaction test results for minus No. 4 sieve size

materials tested in the 4-in. diam mold will not be satisfactorily replicated

molds larger than 6-in. There was no information as to whether or not this

same problem could be expected among mold sizes used for gravelly soils, i.e.,

the 6-. 12- and 18-in. diam molds. Therefore, before conducting the compac-

tion tests on the gradations shown in Figures 66 and 67, it was considered

necessary to attempt development of test procedures for gravelly soils which

minimized equipment size effects. The achievement of this objective would

allow comparative analyses which would lend insight into the impact of equip-

ment and mold size effects on fill compaction control where all control test-

ing is performed in the 4- or 6-in. diam mold. In addition, it was desirable

to develop a large-scale compaction test utilizing a mechanical compactor and

suitable for use with material containing up to a 3-in. maximum particle size

to replace the unpopular and cumbersome 12-in. mold (maximum particle size of

2-in.) and hand-held rammer test currently cited in EM 1110-2-1906,

Appendix VIA.

Phase I Testing Plan

51. The objective of Phase I was to develop large-scale compaction test

procedures for gravelly soils which were acceptably free of equipment size

effects, i.e., acceptably precise. The smallest standard mold size involved

in the testing of soils containing gravel is the 6-in. diam mold. Therefore,

the results of standard effort compaction tests obtained in that size mold

using the mechanical compactor were adopted as the standard of comparison in

determining the adequacy of test procedures employing 12- and 18-in. diam

molds. Obviously, the test materials were then limited to a maximum particle

size of 3/4-in. (sieve size). The authors were of the opinion that a satis-

factory test procedure for gravelly soils would not likely replicate results

for minus No. 4 material obtained in the standard 4-in. or 6-in. diam mold.

So, it was decided to use minus 3/4-in. test materials, i.e., to confine the
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objective to gravelly soils only. It was further decided to utilize only the

mechanical means of compaction. However, it was planned to test minus No. 4

material in the 6-, 12-, and 18-in. diam molds using the newly developed pro-

cedures just to document any differences.

52. Contemplation of a plan of testing to identify compaction test pro-

cedures which would replicate results obtained in the 6-in. diam mold with a

reasonable precision in the 12- and 18-in. diam molds raised the concern that

no single procedure would suffice for all three mold sizes. The possibility

of having to vary the number of layers, blows per layer, and hammer weights

for some fixed hammer drop height was a fearful one. The decision was made to

first perform tests on the selected minus 3/4-in. materials in the 12-in. diam

mold employing the same basic procedures as currently used for 4- and 6-in.

mold tests in EM 1110-2-1906, Appendix VI, and then try alternative procedures

for the 18-in. mold if required. Use of the basic procedures entailed a ham-

mer foot diameter to mold diameter ratio of 1/3, three layers per specimen,

equal blows per layer to the extent possible to achieve standard effort for a

given hammer weight used in all three molds, and a fixed height of hammer drop

of 12-in. Hammer weight was a variable.

Phase I Test Materials

53. The minus 3/4-in. materials used in the Phase I testing were the

minus 3/4-in. fractions shown in Figures 66 and 67 and described in Table 19.

These are listed in Table 19 as gradations lB and 3B. A total of four mate-

rials were tested since each of the two gradations were tested containing both

clay (CH) and silt (ML) minus No. 200 sieve fractions.

Test Equipment

Mechanical compactor

54. The testing was performed using a Howard Model H mechanical soil

compactor manufactured by Howard Engineering Company Inc. and mounted on a

30-in. high concrete base. A photograph of the compactor is shown in

Figure 80. The compactor is designed for hammers weighing from 5.5 to approx-

imately 100-lb and provides for easily adjustable drop heights ranging from 12

to 24 in. The drop height is self-compensating for heights of soil layers in
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the mold. Hammers are picked up by grippers attached to a sprocket chain

assembly (see Fig. 80) and dropped when upward movement of the chain brings

the gripper holders into contact with the ends of breaker rods hanging from

weights supported by the top of the compactor. The grippers are forced back

into contact with the hammer when the holders strike reaction posts on a cross

member of the compactor at the bottom of the following downward stroke of

chain travel. A variable speed motor drive furnished with -.ae compactor can

be used to eliminate the tendency to "throw" heavier hammers by slowing the

rate of chain movement. The drive allows for blow rates ranging from

approximately 12 to 30 blows per minute. Controls include an automatic

pre-determining reset type counter which can be adjusted to apply the required

number of blows and stop the machine at the end of the pre-set number of

blows. A control box with a "Jog", "Run" and "Stop" switch provides a means

of starting a cycle of blows, stopping during the cycle, jogging to clear the

hammer from the mold during the cycle, restarting operation during the cycle

and jogging to clear the hammer from the mold at the end of the cycle. The

compactor can be used with molds ranging from 4 to 18 in. in diameter. Molds

are attached to a turntable on the base of the compactor which provides for

manual control of rotational and forward and backward movement of the molds so

soil layers can receive both peripheral and central blows.

Hammers

55. The hammers are pictured in Figure 81 and summarized in Table 20.

The hammer used for the 6-in. diameter mold test had a 2-in. face diameter,

weighed 5.5 lb and was fabricated from 2-in. O.D. metal tubing. Different

diameter feet could be attached to this basic hammer along with the addition

of lead weights permitting variation of hammer weight. Hammers used in the

12-in. diam mold tests had a face diameter of 4-in. and weighed 38.4, 58.8 and

78.8-lb. These weights could be conveniently produced with combinations of

available lead billets added to the basic 5.5 lb hammer after addition of the

4-in. diam foot. The hammer weight of 58.8-lb conveniently produced in this

manner also allowed 56 blows per layer to approximately achieve standard com-

pactive effort to match the blows per laver of the standard 6-in. diam mold

test. The additional hammer weights of 38.4 and 78.8-lb were chosen to pro-

vide sufficient variation in hammer weight to determine relationships between

hammer weight and compaction characteristics while maintaining approximately
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equal number of blows per layer in achieving approximate standard effort. The

total energies delivered by these hammer weights are also shown in Table 20.

56. The use of hammers having face diameters 1/3 that of the mold

require both peripheral and central blows for complete coverage of layer sur-

faces. The Howard compactor allows central blows to be achieved by sliding

the mold backward or forward so the hammer can strike the central portion of

the layer. However, most mechanical compactors do not allow for lateral move-

ment of the hammer. Therefore, in addition to the 12-in. diameter mold tests

employing a hammer face diameter of 4-in. and the weights stated above, a

131.4-lb hammer with a 6-in. diameter face designed for use with the 18-in.

diam mold was also used both to determine effects of using a heavier hammer

and to employ a hammer which would not require the mold to be moved laterally

in order to apply blows to the central portion of each layer. The

131.4-lb hammer weight for the 18-in. diameter mold corresponded to 25 blows

per layer (same as for the 5.5-lb hammer in the 6-in. mold) to achieve

approximate standard compactive effort. During the conduct of Phase I test-

ing, breaker rods and guides furnished with the compactor were found to not be

substantial enough to perform tests using the 131.4 lb hammer and were

replaced with the 1-in. diameter rods and linear ball bushings shown in

Figure 82.

Molds

57. The molds are also shown in Figure 81 and had the dimensions and

volumes given in Table 20. These molds were equipped with 2-in. high collars

and were attached to the turntable on the base of the compactor with bolts and

ear type clamps. The 18-in. diameter mold was split and hinged on one side to

facilitate removal of specimens after testing. An additional 4-in. high tin

collar was used with the 18-in. diameter mold to allow placement of all of the

material for the last layer prior to compaction.

Obtaining compacted specimen weights

58. A special harness for suspending the 12 and 18-in. diam molds from

a forklift was rigged with an electronic load cell sensitive to within 0.1-lb

to obtain specimen-plus-mold weights. A photograph of the harness with the

12-in. diameter mold is shown in Figure 83. After specimen plus mold weights

were obtained, the specimens were placed in pans and weighed again using plat-

form scales accurate to 0.1-lb. Weights of specimens obtained from 6-in. diam

mold tests were obtained using a digital scale accurate to one gram.
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Specimen Preparation

59. Batches for test specimens were prepared by f~rst thoroughly hand

mixing predetermined amounts of air-dry silt or clay and sand with measured

quantities of water in a large pan. The combined finer material was then

pushed through 1/4-in. hardware cloth and placed in sealed containers to cure

for at least 16 hr prior to testing. The gravel for each batch was prepared

by combining predetermined weights of each air-dry (water content - 0.6 per-

cent) size range and adding the gravel to the desired wet weight of cured

minus No. 4 material immediately prior to compaction. Each layer was batched

separately to maintain gradation between layers. Total batch weights were

computed assuming dry densities 5 to 10 lb/cu ft greater than the estimated

maximum dry unit weight for each gradation to provide sufficient material to

adjust layer heights and assure that the compacted specimen would extend

approximately 1/4-in. into the mold collar and to achieve approximately equal

volume layers. Photographs taken during batching of a full scale material

containing silt fines are given in Figures 84 through 89.

Compaction Procedures

60. Table 20 lists data for hammer sizes and compaction procedures used

for the various molds. All specimens were compacted in 3 layers maintaining

standard effort (12,375 ft-lb/cu ft) as closely as practicable by adjusting

the number of blows for each hammer used. All tests were performed using a

hammer drop height of 12 in. The total energies applied for each test proce-

dure are also given in Table 20. It is seen from Table 20 that the total

energies varied to some degree but the maximum variation from standard effort

(12,375 ft-lb/ft3 ) was less than two percent. It is to be noted that the pro-

cedures for standard effort tests in the 4- and 6-in. diam molds given in

EM 1110-1906 and in ASTM method D 698 do not precisely match each other in

total energy applied. Peripheral blows were evenly spaced and delivered so

that the hammer foot struck within approximately 0.1-in. of the side wall of

the mold. Central blows were also evenly spaced and were delivered along a

circular path at one-half the radius of the mold. Material for each laver was

placed in the mold and tamped lightly by hand prior to compaction so the

hammer would not produce deep imprints into which significant amounts of

56



surrounding material could fall during the application of initial blows.

Following application of the required number of blows for the first and second

layers, the distance from the top of the collar to the respective layer sur-

faces was measured at several locations as shown in Figure 90 to determine if

layer heights were approximately correct. If layer heights were not within

approximately 0.1-in. of the desired height (one third of the height of the

mold and 0.25-in. of material extending into the collar), the amount of mate-

rial added for the next layer was adjusted relative to that previously used to

achieve the desired height for the next layer. Figure 91 shows the top of the

last layer of an 18-in. diam mold specimen following completion of hand tamp-

ing and prior to compaction. Figure 92 shows the same specimen after comple-

tion of compaction. A ball point pen is shown on the surface of the specimen

to give an indication of size.

61. After the last layer was compacted, the collar was removed and the

top of the specimen was trimmed flush with the top of the mold. Large parti-

cles at the surface of the specimen were either removed or hammered below the

top of the mold. Voids remaining after removal of large particles were

patched with material remaining from layer batches. Figure 93 shows the top

of an 18-in. diam specimen following trimming and patching. After trimming

and patching, a lifting yoke was placed on the 12- and 18-in. diam molds and

they were moved from the compactor to a large pan where the load cell harness

was attached to the yoke and the specimen plus mold weight was obtained to

determine the specimen wet weight. Figure 94 shows an 18-in. diam mold and

specimen suspended from the lifting yoke over the pan prior to lowering the

mold into the pan and attaching the load cell harness. After obtaining the

specimen wet weight using the load cell, the specimen was removed from the

mold and placed in the pan. A photograph of a specimen after removal from the

mold is shown in Figure 95. The specimen plus pan weight was then obtained

using a 1000-lb capacity industrial scale to provide a backup check of the

specimen wet weight. The pan containing the specimen was then placed in a

large oven where the total specimen was dried to obtain the specimen dry

weight and water content. Post test handling of specimens for 6-in. diam mold

tests was according to procedures given in EM 1110-2-1906.
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Results of 12-in. Diameter Mold Tests

62. Results of tests performed on the minus 3/4-in. fractions described

in Table 19 containing both clay (CH) and silt (ML) fines to develop a stan-

dard effort test procedure for a 12-in. diam mold in which equipment size

effects are minimized are given in Tables 21 through 24 and presented graphi-

cally in Figures 96 through 103. A summary of optimum water contents and

maximum dry unit weights determined from the tests is given in Table 25.

63. Plots of maximum dry unit weight and optimum water content versus

hammer weights for the 6 and 12-in. diameter mold tests given in Figures 96

through 103 surprisingly indicate only small differences in results for the

12-in. diameter mold results compared to those obtained with the 6-in. mold.

Including all four test series, optimum water content values ranged from

0.6 percentage points less to 0.2 percentage points greater and maximum dry

unit weight values ranged from 2.2 pcf less to 2.9 pcf greater than the corre-

sponding 6-in. diam mold values. Table 25 also presents the precision of each

test series expressed in terms as previously discussed in Part II. It is seen

from that table that the ranges in optimum water content were all less than

10 percent of the average value and all but one of the ranges in maximum dry

densities were less than 2 percent of the average. The deviant case was for

Gradation No. 3B containing clay (CH) fines where the range in results was

2.5 percent of the average value. Therefore, the authors conclude that

results achieved between the t.o mold sizes and over the range of hammer

weights warrant the statement that differences within the expected range of

precision of the test were seen between the tests performed in the 12-in. mold

using various hammer weights and the tests performed after EM 1110-2-1906 in

the 6-in. diam mold.

64. Because of the small differences in results using different hammer

weights and because lateral movement of the mold could be eliminated through

use of a 6-in. diameter face hammer, it was decided to adopt the 131.4-lb

hammer for the standard test procedure for the 12-in. diameter mold.

Figures 100 and 101 show that this hammer best reproduced the 6-in. mold

results for both maximum dry unit weight and optimum water content.
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Results of 18-in. Diameter Mold Tests

65. In order to determine whether the 131.4-lb hammer could also be

used for the 18-in. diam mold, a series tests was performed using that hammer

on the same materials tested in the 6 and 12-in. diam molds. Results of these

tests are given in Table 26 and are shown graphically along with those for the

6 and 12-in. diam mold tests in Figures 104 through 107. Shapes of the com-

paction curves for the 18-in. diam mold tests shown in these figures are not

significantly different than those for the 6-in. diam mold tests. For all

four gradations tested, the maximum variation in maximum dry unit weight and

optimum water content between the 6 and 18-in. diam mold results was only

0.5 pcf and 0.5%, respectively, (see Table 27) and fell well within two per-

cent recision for a single operator. These variations were smaller than

those obtained for the 131.4-lb hammer with the 12-in. diam mold.

66. Plots of maximum dry unit weight and optimum water content versus

mold diameter for the 6-in. diam mold tests (5.5-lb hammer) and 12 and 18-in.

diam mold tests (131.4-lb hammer) given in Figures 108 and 109 are graphical

summaries of data given in Table 27. The small variations of results with

mold size indicated by these plots show that use of the 6-in. diam face,

131.4 lb hammer provided a satisfactory means of minimizing (but not eliminat-

ing) equipment size effects for 12 and 18-in. diam mold tests performed on

minus 3/4-in. gradations within the range of gravel content and plasticity of

fines tested. However, use of the 6-in. diam hammer with the 18-in. diam mold

reinstates the need for lateral movement of the mold to apply blows to the

central portion of each layer. It was decided that a requirement for mold

mounts permitting lateral movement was the better approach compared to under-

taking a test series to determine acceptability of a 9-in. diam hammer for the

18-in. mold. This decision was also justified by the fact that a once-for-all

provision for moveable mold mounts was preferable to swapping of hammer face

diameters between the 12- and 18-in. diam molds which reqiires a troublesome

disassembly of the compactor.

Recommended Compaction Test Procedure

67. In summary, compaction test procedures differing only in blows per

layer for the 12- and 18-in. diam molds were tound to satisfactorily replicate
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the results of tests performed in the 6 -in. diam mold on minus 3/4-in.

materials containing 10 and 40 percent gravel and both clay (CH) and silt (ML)

fines. Those procedures employ a 131.4 lb hammer with a 6-in. diam foot. The

recommended procedures are given in Appendix A.

Compaction of Minus No.4 Material Using 12 and 18-in.
Diameter Mold Procedures

68. After establishing that the procedures using the 131.4-lb hammer

would satisfactorily match results of 6 -in. diameter mold tests in the 12 and

18-in. diam molds for the minus 3/4-in. fractions, it was decided to see how

results among 6, 12 and 18-in. molds would compare for a material containing

no gravel, i.e., minus No. 4 fractions. Data resulting from these tests are

given in Tables 28 and 29 and plotted in Figures 110 through 115. Table 29

also includes precision parameters which reveal a distinct difference between

the consistency of results for the gradations with silt fines as opposed to

those with plastic clay fines. Results obtained in the larger molds for the

soils containing plastic fines did not compare as well to those obtained in

the 6-in. mold as did the results in the larger molds for the soils containing

the silt fines. Also, for both plastic and nonplastic fines, the larger molds

yielded higher maximum dry unit weights and lower optimum water contents.

There was consistency among the data in the sense that whenever the maximum

unit weight was higher for one mold compared to another, the optimum water

content was at least equal but usually lower. However, Figure 116 shows the

trends in these values by mold size to be inconsistent and the so-called

"lines of optimums" are curvilinear in opposite directions depending upon

plasticity of fines. It is concluded that the 12 and 18-in. diam mold

procedure cannot be trusted for use with soils containing no gravel. Consid-

ering the mixed trends of Figure 116, there iv be no way to develop one pro-

cedure for minus No. 4 materials in large molds which would be suitable over a

wide range of material plasticity.

69. Parenthetically, as a matter of academic interest with respect to

mold size effects, the minus No. 4 fractions, i.e., gradation Nos. IC and 3C

with both silt and clay fines were also compacted in the 4-in. diam mold using

the procedure of EM 1110-2-1906, Appendix VI, i.e., the 5.5 lb hand-rammer.

Figure 117 presents the maximum dry unit weights and optimum water contents
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from those tests plotted with the same parameters obtained in the 6-in. diam

mold with the mechanical compactor(see Table 29). Table 30 presents the dis-

crete data for these tests and Table 31 shows the maximum dry unit weights and

optimum water contents. Except for gradation 3C with clay fines, Figure 117

shows that the results from the two mold diameters for the minus No. 4 mate-

rials fell within the precision ranges of two percent of mean value for maxi-

mum dry unit weight and ten percent of mean value for optimum water content.

It is noted that gradation 3C is a sandy clay with 58.3 percent passing the

No. 200 sieve. Gradation 1C is a clayey sand with 38.9 percent fines. It

isn't really surprising that the sandy clay (CH) gradation 3C proved to be the

mismatch between the two molds with respect to precision since it is often

difficult to clearly define the compaction parameters of a fat clay with no

variation in mold size. The differences seen between the 4 and 6-in. diam

molds with respect to maximum dry unit weight for gradation 3C with clay fines

should probably not be considered significant in the absence of replicate

tests.

Phase II Testing Program

70. As was discussed in Part IV, the Phase II testing program was to

perform standard effort compaction tests on the gradations described in

Table 19 and shown graphically in Figures 66 and 67. The procedures used were

those determined from the Phase I testing program as discussed above and

described in Appendix A.
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PART VI: DISCUSSION OF RESULTS OF THE PHASE II TESTING PROGRAM

General

71. Before entering a discussion of the results of the Phase II testing

program and subsequent usage of the data for studying the effects of added

gravel, it is important to state another rationale adhered to by the authors.

The compaction curves fitted to all compaction data represent the fundamental

basis of all that follows in this report. Values of maximum dry unit weight

and optimum water content are subjective judgments of the individual fitting

the compaction curve to data usually exhibiting some scatter. This is obvi-

ously a part of the precision question. The relative effect of judgment is

greatest for optimum water content simply because the numerical value of that

parameter is only on the order of 5 to 8 percent for earth-rock mixtures. The

very first order of business in preparing this report was to fit compaction

curves to the test data for every gradation and select the values of maximum

dry unit weight and optimum water content. This was accomplished by a very

experienced senior engineering technician. Thereafter, the fitted curves and

corresponding maximum dry unit weights and optimum water contents were "cast

in stone" and not altered in any manner to improve any apparent trends (as

could have easily been done). The authors adopted this approach in the belief

that any findings must reflect conventional "good" practice within the context

of CE division and field laboratories. This is particularly true for any

findings relative to adequacy of any "shortcut" methods such as use of equa-

tions to correct results of tests performed on a fraction to predict the

parameters for the full-scale material.

Effects of Successive Scalping

72. Compaction tests performed on the four minus 3-in. full-scale mate-

rials using the 18-in. diam mold and their minus 2-in. fractions using the

12-in. diam mold permits the examination of the effects of successive scalping

of materials having a maximum particle size of 3-in. in which the percentage

by weight of plus 3/4-in. material and plasticity of fines was varied. These

tests combined with those on minus 3/4 and No. 4 sieve fractions, make up a

suite of tests performed on gradations representing scalping of the minus
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3-in. full-scale gradations on the 2-in., 3/4-in. and No. 4 sieves. It was

hoped these tests could be used to provide an idea of the extent to which

materials could be scalped and tested with smaller molds to provide results

representing nonscalped material compaction characteristics. The reader is

reminded that the test gradations are given in Figures 66 and 67. Figures 118

through 121 show compaction curves along with optimum water content and maxi-

mum dry unit weight values determined for the gradations with silt (ML) fines

and Figures 122 through 125 provide the same information for the gradations

with clay (CH) fines. Corresponding test data summaries are given in

Tables 32 through 35 and Tables 36 through 39, respectively. Table 40 summa-

rizes the values of maximum dry unit weights and optimum water contents

obtained from the discrete data of Tables 32 through 39.

Maximum dry unit weight

73. Relationships between maximum dry unit weight and maximum particle

size for full-scale and scalped gradations having nonplastic and plastic fines

are shown in Figures 126 and 127, respectively. The curves of these figures

give an idea of how scalping (or conversely, the addition of larger particles)

affects maximum dry unit weights. Except for gradations formed from minus

3/4-in. materials having 40% gravel (Gradations 3 and 4, Figure 127) with

plastic (CH) fines, the curves show that maximum dry unit weights for scalped

materials are reduced at increasingly greater rates as maximum particle sizes

are decreased. In the case of gradations formed from minus 3/4-in. materials

having 40% gravel (Gradations 3 and 4, Figure 127) and CH fines, the same

trend is seen below a maximum particle size of 2-in. but a slight increase in

maximum dry unit weight was obtained for minus 2-in. fractions as compared to

full-scale (3-in. max.) materials. This slight increase in maximum dry unit

weight for the CH fines materials may possibly reflect effects due to the dif-

ferent mold sizes (18-in. for minus 3-in. material and 12-in. for minus 2-in.

sizes) used to perform the tests. It is recalled that the "standard" proce-

dure developed for the 12-in. diam mold produced a slightly higher maximum dry

unit weight for the minus 3/4-in. materials containing plastic fines compared

to that obtained on the same material when tested in 18-in. diam mold (see

paragraph 63). However, there are other factors to be considered as discussed

below.

74. Figures 126 and 127 can also be employed to imply effects of over-

size material on maximum dry unit weight. The trends are not only reflective

63



of gravel content but also include influence of quantity of fines and their

plasticity. If the data are segregated into two bands according to the grada-

tions with identical minus 3/4-in. fractions, i.e, Gradations 1 and 2 paired

and i and 4 paired, a general impression of the effects of increasing gravel

content can 11e seen. The trends are more clearly evident in Figures 128 and

129 where the maximum dry densities for the two pairs of gradations are speci-

fically plotted against gravel content. These four figures taken together

help to separate and clarify the gravel content versus mold size effects.

a. Non-plastic fines. It was previously pointed out in the dis-
cussions of past investigations that given a particular minus
No. 4 material, the addition of increasing quantities of gravel
results in increasing maximum dry uniz weight up to some
"optimum" gravel content in excess of which the trend reverses
and maximum dry unit weight decreases. The flattening of the
slope of the bands in Figure 126 with increasing maximum
particle size seems to suggest the approach of "optimum" gravel
content and Figure 128 supports that concept when the same data
is plotted in terms of gravel content. Furthermore, the dif-
ferences in maximum dry unit weight for Minus 3-in. and
Minus 2-in. gradations appear much less significant than in
Figure 126 so that the authors choose to emphasize gravel con-
tent as the predominant variable in Figure 128 and draw on
trend curve through the data sets. Of particular interest for
the gradations containing silt fines is that the shaded
bandwidths in Figure 126 overlap at a maximum particle size of
3-in. The bandwidth at this point indicates an increase in
maximum dry unit weight of approximately 3 pcf for the 3-in.
maximum particle size materials obtained by increasing the plus
3/4-in. material from 20 to 40%. The fact that the shaded
areas appear to merge and coincide at a maximum particle size
of 3-in. indicates that compaction characteristics of silty
materials having a maximum particle size of 3-in. and more than
20 percent plus 3/4-in. material may be dominated by those of
the plus 3\4-in. material.

b. Plastic fines. The trends of Figures 127 and 130 taken
together very quickly dispel the occurrence of optimum gravel
content as explaining the higher maximum dry unit weights
obtained for Gradations 3 and 4 between the Minus 2 in. grada-
tions and Minus 3-in. gradations. From Figure 129 it is seen
that the maximum dry unit weight for the Minus 2-in. gradations
3 and 4 (mold size is not a variable) does not reach an optimum
value with increasing gravel content. Therefore, the peak in
the bandwidth of Figure 127 caused by higher maximum dry unit
weights obtained on Minus 2-in. Gradations 3a and 4a is attri-
butable to mold size effects. So, at 6:avel content above
about 50 percent, mold size effects began to occur for the
clayey gravels between tests performed in the 12-in. and 18-in.
molds. With this argument in hand, it can be said looking over
all of the data in Figures 128 and 129 that the minor data

64



point misalignments between Minus 2-in. and Minus 3-in. grada-
tions are probably attributable to mold size effects in general
and more exaggerated the more plastic the fines.

75. Figures 130 through 134 present the data in a form suitable for

showing the effects of degree of scalping on maximum dry unit weight.

Figures 130 and 131 treat the minus 3-in. full-scale gradations as the

"parent" gradations and compare their maximum dry unit weights to those of the

respective minus 2-in., minus 3/4-in. and minus No. 4 sieve fractions on the

basis of the percentage by weight of the "parent" gradations scalped to pro-

duce the fractions. In a similar manner, Figures 132 and 133 treat the minus

2-in. gradations as the "parent" gradations and Figure 134 treats the minus

3/4-in. materials as the parent gradations. Of primary interest is the ques-

tion; "How much material may be scalped and still obtain a reasonably accurate

value of maximum dry unit weight for the parent material directly from the

fraction?" To attempt a general and conservative answer to the question, a

maximum permissible error of 2.5 lbs/cu ft less than the "parent" gradation

value is adopted because it represents about two percent of the average maxi-

mum dry unit weights for the range of materials tested with maximum particle

sizes greater than the minus No. 4 sieve size. In addition, except for minus

3-in. full-scale gradations 3 and 4 containing clay fines (Figure 131) where

mold size effects were more pronounced, data on each figure are fitted through

the point of zero deviation from the "parent" maximum dry unit weight at zero

percent scalped. Using the maximum permissible deviation of fraction maximum

dry unit weight from "parent" maximum dry unit weight of 2.5 lb/cu ft, the

apparent maximum permissible degrees of scalping for each gradation are sum-

marized in Table 41. The data of Table 41 are plotted in Figures 135 and 136

against gravel content in the "parent" gradation.

76. The data of Figures 135 and 136 are fitted with straight lines

through zero percent scalping at zero gravel content. There is considerable

scatter of the data about those straight lines but they are affixed to allow

at least some degree of general assessment of the current 5 percent scalping

rule of EM 1110-2-1906. A logical result is seen from the trend of the data

in the two figures in that the higher the gravel content of the parent grada-

tion, the larger the amount of material which can be scalped without severely

affecting the value of maximum dry unit weight obtained on the scalped frac-

tion. However, this trend runs counter to the current presumption that mate-

rials containing small amounts of gravel can tolerate the discarding of that
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oversized fraction. Indeed, the straight line fits of Figures 135 and 136

indicate that soils containing less than 15 to 20 percent gravel should not be

routinely subjected to as much as 5 percent scalping for determination of

maximum dry unit weight.

77. The data of Table 41 are also plotted against percent minus No. 200

sieve size in the "parent" gradation in Figures 137 and 138. Table 41 paired

with Table 19 describing the test gradations reveals that the permissible

degree of scalping decreases consistently for both silt and clay fines with

increasing fines in the parent gradation. Figures 137 and 138 imply an

extreme sensitivity of permissible scalping with very small changes in percent

fines in the parent gradation. The test gradations do not allow anything more

than a raising of the question of the effects of percent fines. A thorough

investigation would require comparisons of gradations with the same gravel

fraction gradations but with different percentages of fines. With respect to

the effect of plasticity of fines, all of the gradations exhibited very simi-

lar orders of sensitivity to scalping other than the minus 2-in. gradations

containing clay fines which were distinctly less tolerant. None of the minus

2-in. gradations containing clay fines would tolerate as much as 10 percent

scalping.

78. In turning back to the question of how much material can be scalped

without signifi.antly affecting the maximum dry unit weight, the data of

Table 41 and the generalized linear fit to Figures 135 and 136 do not support

the guidance of EM 1110-2-1906 with respect to use of generalized scalping

practices. The manual currently permits scalping of plus No. 4 material as

long as that total fraction constitutes less than 5 percent by weight of the

total gradation. Compaction tests are then performed on the scalped fraction

in the 4-in. diam mold and the maximum dry unit weight and optimum water con-

tent obtained are assumed to be equivalent to those of the total material.

Similarly, scalping of up to 5 percent by weight of plus 3/4-in. material is

permitted for compaction tests in the 6-in. diam mold and up to 10 percent by

weight of plus 2-in. material is permitted for tests in the 12-in. diam mold.

It is recalled that the 10 percent allowance for the 12-in. mold test is an

inconsistency in the manual and should have also been revised to 5 percent.

For the 12-in. mold test, the 5 percent scalping allowance is likely to be

acceptable because materials tested in that sized mold will more likely con-

tain more than 15 to 20 percent gravel. However, there is clearly no "pat"
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4nswer to the question of how much scalping is too much. It can only be said

that the answer is dependent on plasticity of fines, fines content and gravel

content, i.e, plasticity and gradation. Where maximum dry unit weight deter-

mination is concerned, care should be taken in scalping even as little as

5 percent if the parent gradation contains less than 15 to 20 percent gravel.

79. The curves of Figures 139 and 140 present maximum dry unit weight

versus maximum particle size in a manner intended to indicate the effects of

plasticity of fines. Figure 141 presents the same data against gravel con-

tent. The shaded areas in the figures are bounded by curves which pair iden-

tical gradations, one with the silt fines and the other with the clay. The

vertical bandwidths of these areas then indicate the difference in maximum dry

unit weight due to varying the plasticity of the fines. The bandwidths indi-

cate densities for gradations formed from minus 3/4-in. material containing

10 percent gravel (Gradations 1 and 2) were increased by 5 to 7 pcf when the

minus No. 200 sieve material was changed from clay to silt while those for

gradations formed from minus 3/4-in. material containing 40 percent gravel

(Gradations 3 and 4) were increased by approximately 10 pcf. Figure 141

reveals the differences to be fairly constant over the range of materials

tested but decreasing slightly and tending to converge with increasing gravel

content.

Optimum water content

80. Figures 142 and 143 show the changes in optimum water content with

successive scalping for test materials having nonplastic and plastic fines,

respectively. The bandwidths again show how the changes occurred as addi-

tional plus 3/4-in. material was added to identical minus 3/4-in. fractions,

i.e, from Gradation 1 to Gradation 2 and from Gradation 3 to Gradation 4. The

curves of these figures show that optimum water contents increased with

decreasing maximum particle size as would be anticipated because maximum dry

unit weights increased in the same direction. Figures 144 and 145 show the

data as a function of gravel content where it is again seen as it was for

maximum dry unit weight that Gradations 1 and 2 can be taken together as one

trend and Gradations 3 and 4 as another.

a. Non-plastic fines. For the gradations containing nonplastic
fines shown in Figure 142, the addition of plus 3/4-in. sizes
decreased optimum water contents on the average by approxi-
mately one percent in the case of materials having minus
3/4-in. fractions containing 10 percent gravel (Gradationsl and
2) and approximately 0.5 percent in the case of materials
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having minus 3/4-in. fractions containing 40 percent gravel
(Gradations 3 and 4). The curves of Figure 144 presenting the
same data plotted against gravel content provide the obvious
explanation for the difference in the two ranges. Simply put,
the minus 3/4-in. fractions of Gradations 3 and 4 which contain
40 percent gravel have already seen the major impact of gravel
content on optimum water content (about 60 percent of the dif-
ference between minus No.4 and minus 3-in. gradations) and are
relatively insensitive to the addition of more gravel. In
contrast, the minus 3/4-in. fractions of Gradations I and2 with
only 10 percent gravel have experienced only about 30 percent
of the difference between minus No.4 optimum and minus 3-in.
optimum. It can also be seen from Figure 144 that the values
of optimum water content for all four gradations are tending to
converge above a gravel content of about 50 percent.

b. Plastic fines. Figures 143 and 145 show the changes in optimum
water content for the gradations with plastic fines plotted
against maximum particle size and gravel content, respectively.
As was observed for non-plastic fines, Figure 143 shows that
the addition of plus 3/4-in. sizes again had more impact
between Gradations 1 and 2 than between Gradations 3 and 4.
Figure 145 showing the data in terms of gravel content provides
the same explanation as was apparent for the silt fines in that
the minus 3/4-in. fractions of Gradations 3 and 4 (40 percent
gavel) already reflect about 70 percent of the total change in
optimum water content over the range of fractions tested while
the minus 3/4-in. fractions of Gradations 1 and 2 (10 percent
gravel) have experienced 40 percent of the total change from
the minus No.4 fractions to the minus 3-in. materials. The
values of optimum water content for all gradations again appear
to be converging near a gravel content of 50 percent.

81. As was done for maximum dry unit weight in Figures 130 through 134,

Figures 146 through 150 treat each maximum particle size group of gradations

as "parent" gradations and compare their optimum water contents to those of

their fractions. Based on the average value of optimum water content of about

7 percent for all the gradations with both non-plastic and plastic fines which

contained gravel, a maximum permissible deviation in optimum water content of

10 percent of the average or 0.7 percentage points below the "parent" grada-

tion value was used to estimate maximum permissible degrees of scalping to

obtain "parent" gradation optimum water content from that of a fraction. The

data trends of Figures 146 through 150 did not consistently appear to pass

through zero deviation from the "parent" gradation values. This may be the

result of testing precision and the fact that optimum water contents are esti-

mated by fitting a more or less parabolic curve through the compaction test

data suite. These inconsistencies in the plots of Figures 146 through 150 are

much more pronounced than those for maximum dry unit weight values of
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Figures 130 through 134. It can be seen that "adjustments" to make the data

trend through zero deviation would require generally less than one percentage

point change in data points corresponding to the lowest degrees of scalping.

In order to at least imply the useful limits of the current 5 percent scalping

rule, the authors forced the curves through zero deviation by placing less

credence in the low degree of scalping data points as seen in Figures 146

through 150. Therefore, the maximum permissible scalping values summarized in

Table 42 are entirely the authors' judgment calls based on those forced fits.

Figures 151 and 152 show the values of Table 42 fitted with a straight line

through zero scalping at zero gravel content as was also done in Figures 135

and 136 for maximum dry unit weight. That presumed straight line fit indi-

cates that the current 5 percent scalping rule would not be satisfactory for

gradations containing less than about 15 to 20 percent gravel to achieve a

precision of about 10 percent of mean value of optimum water content. This

finding is identical to that for maximum drv unit weight and also clearly

contradicts current practice. In other words, as gravel content decreases,

the gradation's sensitivity to scalping with respect to optimum water content

increases such that gradations containing 5 percent or less gravel are the

very most sensitive to the removal of any material. Probably because of the

inconsistencies just mentioned, there were no patterns discerned from Table 42

for all gradations with respect to plasticity of fines, percent fines or per-

cent gravel. The minus 2-in. gradation data for both silt and clay fines

exhibited generally increasing permissible s,-alping with increasing gravel

content. The minus 3-in. data did not. The Nos.l and 3 gradations with silt

fines (Figure 146) and the No.3 gradation with clay fines (Figure 141) with a

maximum particle size of 3-in. and the minus 3/4-in. gradation with clay fines

(Figure 150) could apparently tolerate very little to no scalping at all.

When Table 41 for maximum dry unit weight is compared to Table 42 for optimum

water content, it becomes even more clear that no procedure based on fixed

values of minimum scalping can provide satisfactory numbers for both param-

eters for all gravelly materials.

82. Figures 153 and 154 compare optimum water contents on the basis of

plasticity of fines and maximum particle sizes. The bandwidths shown in these

two Figures are obtained between like gradations with different plasticity of

fines. Figure 155 plots the same data as a function of gravel content and

again shows bandwidths on the basis of Gradations 1 and 2 paired against
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Gradations 3 and 4 on the basis of plasticity of fines. The effects of plas-

ticity of fines was essentially a constant for each of the four gradations

over the range of particle sizes tested. Figure 153 indicates that optimum

water content shifted about 3 percentage points wetter for Gradations 1 and 2

from non-plastic to plastic fines. The bandwidth for Gradation 2 showed the

greater total change in optimum water content because the minus 2-in. and

minus 3-in. fractions contained more gravel than in corresponding fractions of

Gradation 1. Figure 154 reveals a similar picture for Gradations 3 and 4 but

the bandwidths are about half those of Gradations i and 2, i.e., a change in

optimum of about 1.5 percentage points wetter with a change from non-plastic

to plastic fines. It is seen in Figure 154 that the data bands are separated

according to the gradation of the minus 3/4-in. fractions although, as has

been pointed out before, the bands tend to merge above about 50 percent gravel

content.

Maximum dry unit weights
versus optimum water contents

83. Figures 156 through 159 compare the "lines of optimum" for each

gradation between non-plastic and plastic fines. It is interesting to note

that at the lower gravel contents of Gradations 1 and 2 (Figures 156 and 157)

the lines of optimum appear to be separate but at the higher gravel contents

of Gradations 3 and 4 (Figures 158 and 159) they tend to merge. The "hooks"

in the curves for Gradations 3 and 4 between minus 2-in. and minus 3-in. mate-

rials are attributed to mold size effects which are more severe for the plas-

tic fines as previously discussed.

Correcting Maximum Dry Unit Weight and Optimum Water
Content to Account for the Effects of Gravel

Corps of Engineers, EM 1110-2-1911

84. With respect to correcting fill density test results for the total

material to obtain the corresponding dry unit weight and water content of some

fraction, the USACE has often employed the equations given in EM 1110-2-1911,

Appendix B, which are as follows:

For correcting dry unit weight of the total material:
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Y fy~y.G.
f = YwGm - cyt

where

yf - dry unit weight of the fraction, pcf

Yt - dry unit weight of the total material, pcf

yw - unit weight of water, 62.4 pcf

Gm - bulk specific gravity of oversize particles, dimensionless
(see EM lll0-2-1906,"Laboratory Soils Testing", Appendix IV)

f - proportion of finer fraction by weight of total material expressed
decimal fraction

c - proportion of coarser or oversize particles by weight of total
material expressed as decimal fraction (note f + c - 1.00)

For correcting water content of the total material to obtain that of a

fraction:

wt - CWC (2)Wf = (2

where

wf - water content of finer fraction, percent

wt - water content of total material, percent

wc - water content of coarser (oversized) fraction, percent, which is
taken as the absorption, A, of the gravel in EM 1110-2-1911

f,c - as defined for Equation (1) above

85. Equation (1) was originally derived by Ziegler (1948). The manual

states that the usefulness of the density correction Equation (1) is limited

to cases where the proportion of oversize material is not greater than about

35 percent by weight. The reason for that limitation actually applies to a

modified version of Equation (1) and will be clarified later in this section.

Also note that Equation (2) differs from the version stated in EM 1110-2-1911

in that the manual shows the absorption of the gravel as the water content of

the oversized material. Equation (2) is the correct general form of the rela-

tionship and must be true -f the actual water contents of the two fractions

are entered. A brief discussion of the effects of using the absorption as the

water content of the oversize fraction will also be provided later in this

section. The forms of equations (1) and (2) are intended for use in correct-
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ing the fill dry unit weight and water content of the total material (obtained

from the fill density test) to obtain those values for a fraction which are

then compared to the maximum dry unit weight and optimum water content of that

fraction to assess compliance with specifications which are referenced to the

compacted state of that fraction. The maximum dry unit weight and optimum

water content of the fraction are obtained in a convenient smaller mold such

as the 4-in. mold for the minus No.4 sieve fraction or the 6-in. mold for the

minus 3/4-in. sieve fraction or may be estimated using the one-or two-point

compaction methods previously described. The compaction specifications for

the fraction should have been derived on the basis of assuring satisfactory

properties of the full-scale material. However, when compaction specifica-

tions have been based on a fraction, it has been typical that no large scale

tests of total materials have been conducted to verify that the specifica-

tions on the fraction assure equal or better qualities of the total material.

86. It has also been the practice to use rearranged versions of Equa-

tions (I) and (2) to predict the maximum dry unit weight and optimum water

content of the total material by substituting values of maximum dry unit

weight and optimum water content for a fraction, respectively, and then com-

pare the fill dry unit weight and water content for the total materi"A..

directly to the predicted full-scale values. The maximum dry unit weight and

optimum water content of the fraction are either obtained in the 4 or 6-in.

mold or estimated by the one- or two-point compaction test method. In this

case, the specifications must be written concerning the compacted state of the

total material. Again, specifications written around the total material may

have been adopted on the basis of testing of either the minus 3/4-in. or minus

No. 4 fractions during the design phase and on the assumption that satis-

factory states of compaction of those fractions could be directly translated

to the total material. The attempt to use the concepts of Equations (1)

and (2) to predict maximum dry unit weight and optimum water content of the

total material first requires that their terms be rearranged to obtain dry

unit weight and water content of a total material from the values for a frac-

tion. The rearranged version of Equation (1) for estimating dry unit weight

of the total material from that of a fraction is as follows:
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= Y fYWGm (la)

The rearranged version of Equation (2) used for calculating the water content

of the total material from that of a fraction becomes:

W, = fw + CW6 (2a)

When Equation (la) is used to predict the maximum dry unit weight of the total

material by entering the maximum dry unit weight of a fraction, Equation (la)

is converted to:

Ytmax YfmaxYwG. (3)
Y . yw + Cyf

When Equation (2a) is used to predict the optimum water content of the total

material by entering the optimum water content of a fraction, Equation (2a) is

converted to:

Wtopt = fWfopt + (4)

87. Equation (I) is a straightforward weight-volume relationship easily

derived by association of all variable volume of voids with the fine fraction.

The variable volume of voids is the volume of voids which changes with densi-

fication of the material. Therefore, the equation simply divides the material

into two fractions, accounting for the contribution to dry unit weight of

each. Fundamentally then, its accuracy is contingent upon the condition that

the finer fraction must completely fill the voids between the larger parti-

cles. In other words, there must be no extraordinary voids representing dis-

continuities in the mixture. This condition upon the accuracy of Equation (1)

has proven to be generally unrestrictive in practice because maximum gravel

contents usually encountered (say, less than 60 percent) do not result in par-
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tially filled voids among the gravel particles. This same condition must be

met for Equation (3) but there is a second condition required as well because

of the modification to obtain the maximum dry unit weight of the total

material.

88. The second condition on accuracy of Equation (3) represents the

weakness of the use of that equation to predict the maximum dry unit weight of

the total material from the maximum dry unit weight of a fraction. The entry

of the maximum dry unit weight of the fraction into Equation (3) is tantamount

to assuming that the increase in maximum dry unit weight of the total material

with increasing gravel content results only from the addition of gravel weight

of solids while the fraction remains at its maximum dry unit weight. In real-

ity, as will be shown later in this report, the dry unit weight of the finer

fraction in the total material when that total material is at its maximum dry

unit weight is affected by the added gravel. The effect is such that the dry

unit weight of the fraction may be greater than or less than its maximum value

depending on the material and its gravel content. Thus, use of Equation (3)

may result in either under-prediction (at lower gravel content) or over-

prediction (at higher gravel content) of maximum dry unit weight of the total

material. This is the reason that an "approximately equal" symbol is shown in

Equation (3). For the case of use of the minus No.4 fraction as the finer

fraction in Equation (3), the gravel content above which use of its maximum

dry unit weight will begin to seriously over-predict the maximum dry unit

weight of the total material has been empirically estimated to be about

35 rcent. Hence, the aforementioned restriction on use of the equation is

stated in EM 1110-2-1911. Unfortunately, under-prediction of the maximum dry

unit weight was never addressed but may be significant as will be shown later.

Furthermore, soils have been encountered for which use of the maximum dry unit

weight of the minus No. 4 fraction with Equation (3) significantly over-

predicts the maximum dry unit weight of the total material at gravel contents

less than 35 percent. There is nothing to preclude use of the dry unit weight

of the minus 3/4-in. fraction with Equation (3). This alternative will also

be addressed in this report.

89. It is important to emphasize that Equation (3) is only an approxi-

mate expression where the equal sign must be replaced with an "approximatel;

equal" symbol and very careful restrictions placed on the range in gravel

content over which that approximation is acceptably accurate. So. Equa-
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tion (3) is no longer Ziegler's equation and is not a true weight-volume

relationship except at some singular value of gravel content where the frac-

tion happens to exist at its maximum dry unit weight when the total material

is also at its maximum dry unit weight.

90. Just as there is no reason to expect the maximum dry unit weight of

a fraction entered into Equation (3) to generally yield the maximum dry unit

weight of the total material, there is no reason to expect the optimum water

content of a fraction entered into Equation (4) to generally yield the optimum

water content of the total material. When the compaction curves for a total

material and a fraction thereof are compared, the optimum water content of the

total material will always be dryer than that of the fraction. If the optimum

water content of the fraction entered into equation (4) is to generally yield

the optimum water content of the total material, then the water content of the

oversized gravel must always be precisely such as to account for the differ-

ence in optimum water contents between the fraction and the total material.

This is not true as will be shuwn later and the water content of the fraction

must be altered to produce optimum water content (i.e., 100 percent compac-

tion) of the total material. That is to say, the fraction is generally not at

its optimum water content when the total material is except for a singular

value of gravel content in the total material. Therefore, Equation (4) must

also be written with the approximately equal symbol and restrictions placed on

range in gravel content over which the approximation is acceptably accurate.

91. The full-scale and associated minus 3/4-in. sieve scalped/replaced

data obtained by Donaghe and Townsend (1975) can be used to gain a preliminary

insight into potential errors introduced by using the maximum dry unit weight

of the minus No. 4 fraction with Equation (3) in attempting to predict a value

of maximum dry unit weight for the total material. Figure 30 showed the

results of such predictions for the full-scale materials. The values of total

material maximum dry unit weight predicted from those of the minus No. 4 frac-

tions reasonably track the actual values up to a gravel content in the total

material of about 35 percent. However, it is to be noted that the total mate-

rials were compacted in the 18-in. diam mold by mechanical compactor while the

minus No. 4 fractions were compacted in the 4-in. diam mold with a hand-held

rammer. These two test procedures would not yield identical compaction param-

eters for the same minus No. 4 material. Therefore, mold size and procedural
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effects played a significant role in the adequacy of predicted values up to

35 percent gravel content.

92. Figure 31 is companion to Figure 30 and shows the same comparative

data relative to minus 3/4-in. sieve scalped/replaced gradations derived from

the full-scale materials shown in Figure 30. Between Figures 30 and 31 the

minus No. 4 fractions are the same and the respective percentages of gravel

are the same. So, a scalped/replaced gradation can be viewed as just another

material with all characteristics identical other than a more uniformly graded

gravel fraction. Also, all the scalped/replaced data of Figure 31 were

obtained in the 6-in. mold with a hand-held rammer so that at zero gravel con-

tent there is no appreciable difference in the maximum dry densities between

the 6-in. mold and the 4-in. mold. It has been fairly well established that

compaction tests performed on a minus No. 4 material in both the 4 and 6-in.

diam molds can be taken as equivalent. Figure 31 shows that the predicted

values of the maximum dry unit weight of the scalped/replaced gradations were

consistently and significantly higher than the actual values.

93. Since the minus No.4 fractions between Figures 30 and 31 are the

same and also the respective gravel contents, it is evident that Equation (3)

may adequately predict the maximum dry densities for one family of gradations

up to about 35 percent gravel (full-scale materials, Figure 30) but not per-

form satisfactorily at all for another family of gradations (scalped/replaced,

Figure 31). It was pointed out in the previous section that scalped/replaced

gradations will not generally replicate the maximum dry densities of parent

full-scale materials. Therefore, the common minus No.4 fraction data of Fig-

ures 30 and 31 used with Equation (3) do not adequately predict both grada-

tions' maximum dry densities for any gravel content.

94. The authors wish to provide more clarification of the extent to

which Equations (3) and (4) are useful to predict the maximum dry unit weight

ard optimum water content of a total gradation from those values obtained for

the fraction. That is, if the maximum dry unit weight of a fraction is

entered into Equation (3), will the calculated dry unit weight for the total

material correspond to its maximum dry unit weight? Likewise, if the frac-

tion's optimum water content is entered in Equation (4), will the calculated

water content for the total material match the value of its optimum water

content?
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95. The usefulness of the equations for prediction purposes will be

assessed first by attempting to account for equipment size effects (corrected

data) and then by ignoring those effects (uncorrected data). Conventional

past usage of the equations would correspond to the uncorrected case. Correc-

tion for equipment size effects was addressed by testing each minus No. 4 and

minus 3/4-in. fraction in the same equipment using the same procedures used to

test corresponding larger particle size parent materials. Therefore, in apply-

ing Equations (3) and (4) to predict minus 3-in. and minus 2-in. compaction

parameters, the values of maximum dry unit weight and optimum water content

taken into the equations for the fractions were those numbers obtained for the

fractions in the corresponding sized molds (see Tables 27 and 29). Although

it may be reasoned that equipment size effects may be accounted for in this

manner, it is an imperfect approach in the absence of precision consider-

ations. Further, the water content of the oversize is taken as its air-dry

value (0.6 percent) because the gravel was added to the wetted and cured frac-

tions in this condition immediately prior to compaction. There were no spe-

cific measurements to determine any changes of fractions' water contents after

mixing and compaction. The authors are of the opinion that there would have

been insignificant change in the water contents of the components because of

the short time between mixing and compaction. There will be several figures

presented below in which differences between calculated values and actual

values will be plotted versus other parameters. It is important to realize

that "actual" values are random numbers within the precision of the test.

And, precision varies with plasticity of fines as seen from the previously

presented ACIL and USACE multilaboratory studies. Therefore, there is an

inherent and invisible "slop" in results. Tt is appropriate to avoid undue

confidence in any discrete data comparisons and concentrate upon apparent

trends. Consequently, the authors will avoid point by point comparisons of

the data. After examining use of Equations (3) and (4) taking equipment size

effects into account, the exercise will be repeated with those effects

unaccounted for by entering the equations with maximum dry unit weights and

optimum water contents of the minus No. 4 and minus 3/4-in. fractions obtained

in the 6-in. diam mold. The most practical value of the equations is in their

use with data obtained in the smaller mold.
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Predicted maximum dry unit
weight with fraction data cor-
rected for equipment size effects

96. Plots of calculated dry unit weights minus actual values of maximum

dry unit weight versus percent oversize material for minus 3-in. and minus

2-in. gradations with both plastic and non-plastic fines are given in

Figures 160 and 161, respectively. The straight lines shown connecting data

points in Figures 160 and 161 are not indicative of trends, but are used to

aid the reader in associating the points with corresponding gradations. In

order to obtain a more complete picture it is advantageous to also plot the

deviations against the gravel contents of the total materials as in Fig-

ures 162 and 163 (again, the straight lines connecting points have no trend

significance). Judgment of the extent of usefulness of Equation (3) with the

maximum dry unit weight of a fraction to predict the total material maximum

dry unit weight requires the adoption of conservative precision limits. Fir

this purpose, two percent single-operator precision limits are believed to be

unconservative, i.e., too broad. This opinion is supported by the precision

achieved among different mold sizes as previously discussed and shown in

Tables 25 and 27 and the fact that those data still reflect equipment effects.

In addition, the RRL comparative compaction program previously discussed (see

paragraph 39) showed a single-operator precision for tests in a 4-in, mold on

a CH material to be about 2.2 percent. Clean CH soils are the most proble-

matical to establish compaction curves for. Single-operator precision for CL

and ML soils should be somewhat better. The addition of gravel reduces the

overall plasticity of the total material for clayey fines. The authors submit

that a one percent precision limit is more appropriate than a two percent

limit for assessing the prediction of maximum dry unit weight of total mate-

rials using Equation (3). An approximation of these precision limits is shown

as the dashed lines in Figures 160 through 163 and in all subsequent similar

plots. For the sake of simplicity, the approximate equivalent to one percent

precision limits was taken as one percent of an average value of maximum dry

unit weight of all the materials at 130 lb per cu ft. Rigorous application of

precision would be by averaging the predicted and actual (test) values and

taking one percent of that number. Use of the approximate limits does not

negate the objectives since for the maximum difference seen for any pair of

unit weights (actual versus predicted), the correctly calculated precision

range would deviate from the approximate range by less than 0.05 lb per cu ft.

78



97. Figures 160 through 163 treat both the plus No. 4 sieve fraction

and the plus 3/4-in. fraction as "over-size". Table 43 provides a summary of

the discrete data. Scrutiny of the data of Figures 160 through 163 reveals

that even though there appear to be some effects of plasticity of fines and

maximum particle size (minus 3-in. gradations versus minus 2-in.), the differ-

ences are small in light of testing precision. Figures 164 and 165 combine

the minus 3-in. (Figure 161) and minus 2-in. (Figure 163) data for predic-

tions based on the minus No.4 and minus 3/4-in. fractions, respectively. Note

that a new set of predictions of maximum dry unit weight are shown in

Figure 164 which are those for the minus 3/4-in. fractions predicted frc, the

minus No. 4 fraction where both fractions were compacted in the 6-in. diam

mold. The discrete data for these predictions are given in Table 44. Esti-

mated band widths based on plasticity of fines are also drawn in Figures 164

and 165 and confirm the relatively small effects that parameter seems to

represent. The authors warn that combination of the prediction data for Gra-

dations 1 and 2 and for Gradations 3 and 4 as well as for minus 3-i-a., minus

2-in. and minus 3/4-in. gradations carries the risk that all these are really

separate trends. There are some implications of this in Figures 162 and 163,

especially with respect to Gradations i and 2 as opposed to Gradations 3

and 4. The width of the bands shown in Figures 164 and 165 may or may not

properly encompass these differences.

98. Care must also be exercised in judging the implications of Fig-

ures 160 and 161 where deviations are plotted against percent oversize. These

figures actually present a "mixed bag" in that one fraction contains gravel

and the other does not. Percent oversize for the minus No. 4 fraction is, of

course, percent gravel. While Figures 160 and 161 indizate thLat use of the

minus No. 4 fraction with Equation (3) allows acceptable predictions of

maximum dry unit weight at higher percent oversize than does use of the minus

3/4-in. fraction, percent oversize is not the most pertinent issue. It is

more significant to see from Figures 161 through 165 that the use of the minus

3/4-in. fraction in the predictions will permit the treatment of total grada-

tions containing higher percent gravels. This was a logical expectation but

it had to be shown that nothing anomalous occurred with the use of a fraction

containing gravel itself for prediction purposes. Figures 160 and 161 do

reflect the effects of gradation on prediction accuracy. As the gradation of

the oversize (or gravel) fraction becomes less well graded as it does from
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Gradation 1 to Gradation 4, the deviation of predicted value from actual value

tends to increase. This effect is particularly evident for the predictions

made with the minus 3/4-in. fraction data because the percent oversize is

identical for Gradations 1 and 3 and for Gradations 2 and 4 and yet the devia-

tions of predicted values from actual values for Gradations 3 and 4 with the

more uniform oversize gradations are greater than those associated with Grada-

tions 1 and 2 with more well graded oversize fractions. Similar implications

can be seen in Figures 164 and 165 although much less distinct.

99. It is interesting to note from Figures 164 and 165 that at lower

gravel contents, Equation (3), whether entered with the maximum dry unit

weight of the minus No. 4 or minus 3/4-in. fraction, tends to under-predict

the actual maximum dry unit weight of the parent gradation. Since the one

percent precision limits are conservative, the degree of under-prediction at

lower gravel contents indicated in Figures 164 and 165 are not deemed to be

serious. It was previously pointed out in the discussions of maximum permis-

sible degrees of scalping (paragraph 51) that the addition of very small quan-

tities of gravel to the minus No. 4 materials resulted in strong increases in

maximum dry unit weight. The fact that Equation (3) under-predicts in this

range suggests that the dry unit weight increase cannot be explained only by

the addition of the solid particles. As will be more thoroughly addressed

later in this report, the authors speculate that the minus No.4 material

between two particles or between a particle and the mold boundaries undergoes

additional densification compared to that minus No. 4 material outside that

zone of particle influence as the rigid particles are forced closer together

or closer to the mold boundaries during compaction. The net effect is an

average dry unit weight in the minus No. 4 fraction which is greater than its

standard effort maximum dry unit weight. A similar effect seems to also exist

when gravel is added to a minus 3/4-in. fraction. The concept of "gravel

interference" will be presented in Part VII.

Predicted optimum water
content with fraction data cor-

rected for eruipment size effects

100. Calculated water contents minus actual values of optimum water

content are identified by specific test gradations versus percent by weight of

oversize material for 3 and 2-in. maximum particle sizes in Figures 166

and 167, respectively. The straight lines connecting data points are only to
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aid the reader in associating corresponding gradations. Calculated values

were obtained using Equation (4) with optimum water contents determined for

the respective fractions tested in the same molds as the 2 and 3-in. maximum

particle size parent materials along with the air-dry water content of the

gravel of 0.6 percent. The discrete data are summarized in Table 45.

Figures 168 and 169 present the deviations plotted against gravel content in

the parent gradations. As was the case for predicting maximum dry unit

weight, the authors chose to reject the currently suggested precision limit

of 10 percent for optimum water content. The RRL study (see paragraph 32)

indicated a single-operator precision of about 5 percent. The approximate

test precision range of 5 percent of an average optimum water content of

7 percent is adopted and indicated by the dashed lines at ± 0.35 percentage

points in these figures. There appear to be somewhat greater effects of

plasticity of fines on predictions of optimum water content than were apparent

for maximum dry unit weight. These effects are more clearly seen in Fig-

ures 170 and 171 where the data of Figures 168 and 169 are combined along with

the added predictions of optimum water content of the minus 3/4-in. materials

from that of the minus No.4 fractions. The ranges cf the deviations of pre-

dicted value from actual value are shown as bands according to plasticity of

fines. The discrete data for predictions of minus 3/4-in. gradations' optimum

water content from that of the minus No.4 fractions are given in Table 44.

The previous warning that combination of results seen for Gradations 1 and 2

with those for Gradations 3 and 4 as is done in Figures 170 and 171 may be

risky is also appropriate for the optimum water content predictions. The

gradation of the oversize or gravel fraction has a similar but more muted

effect on predictions of optimum water content than upon those of maximum dry

unit weight. As in the case of maximum dry unit weight, it is seen by com-

parison of Figures 170 and 171 that use of the minus 3/4-in. fraction permits

acceptable prediction of optimum water content at higher gravel content in the

parent gradation than does the minus No.4 fraction. Figure 170 for the minus

No.4 fraction also shows that the predicted optimum water content of the total

material may be relatively poor for gradations with plastic fines at lower

gravel contents. This is aggravated by the fact the total material optimum

values are of such a low order to begin with and typical specified placement

ranges are no larger than plus or minus two percentage points with respect to

optimum.
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Predicted maximum dry unit
weight with fraction data not cor-
rected for equipment size effects

101. Figures 172 through 177 are companion to Figures 160 through 165

and are based on predictions of maximum dry unit weight calculated from Equa-

tion (3) by entering values of maximum dry unit weight for the minus No. 4 and

Minus 3/4-in. fractions obtained in the 6-in. diam mold. The straight lines

connecting data points in Figures 172 through 175 are only for the purpose of

associating corresponding gradations and do not indicate trends. Use of the

6-in. diam mold parameters for the minus No.4 and minus 3/4-in. fractions

introduces equipment size effects into the predicted values. The discrete

data are summarized in Table 46. Note that in Figure 176 the data for the

minus 3/4-in. fractions (see Table 44) is the same as that plotted previously

in Figure 164 for "corrected" data since minus No.4 and minus 3/4-in.

materials were both compacted in the 6-in. diam mold. Furthermore, it was

previously pointed out that the results obtained on minus No. 4 material in

the 4- and 6-in. diam molds showed no significant equipment size effects.

Therefore, there is no difference in corrected and uncorrected data for these

two fractions. The plots of Figures 172 through 175 are provided to allow the

reader to associate the predictions with the particular gradations. Fig-

ures 176 and 177 are summary plots for the purpose of indicating the authors'

interpretation of general trends. It is seen that the predictions are gener-

ally less satisfactory compared to those achieved with data corrected for

equipment size effects. Figure 176 shows particularly depressing results with

use of the minus No.4 fraction because the trends in predicted values (indi-

cated by the estimated band widths) cut across the adopted precision range at

a relatively steep slope from severe under-prediction of the actual maximum

dry unit weight of the total material to sever over-prediction. This results

in an intermediate range of gravel contents for which the predictions are

S-Lisfactory. There is little consolation in the fact that the maximum gravel

contents for which predicted values may be satisfactory is somewhat higher

than previously seen for corrected data. If Equation (3) yields relatively

reliable predictions from very low gravel content up to some apparently con-

sistent maximum gravel content, one can proceed with confidence if one knows

the limit. However, the trends indicated in Figure 176 raise problems con-

cerning the utility of the method. For uncorrected predictions based on minus

3/4-in. fractions as shown ir. Figure 177, the problem is less severe but would
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still potentially negate the practical use of Equation (3) even considering

the conservatism of the adopted precision limits. So, equipment size effects

are a serious consideration when employing Equation (3) to predict the maximum

dry unit weight of the total material from that of a fraction. Unfortunately,

the only way to get around those effects would be to perform compaction tests

on the fraction in the larger molds appropriate to the total material. This

is generally not practical in the fill control operation. However, it may be

feasible to perform enough testing during :he project design phase to develop

corrections for the magnitude of the mold size effects for the range of mate-

rials to be placed. It is particularly important that Equation (3) may tend

to significantly under-predict the total material value at lower gravel con-

tents if the data are not corrected for these effects by use of the proper

mold size because this would lead to a general, erroneous inflation of percent

compaction of the fill in the field compaction control procedures for such

gradations. It is unfortunate that, as previously pointed out, it doesn't

appear likely that a generalized correction approach can be developed which

will satisfactorily address a range in plasticity of the fines. It is true

that nonplastic silt fines represent differences which may be largely accep-

table but this sort of gravel mixture has not been frequently encountered.

Actual comparative testing in the different sized molds is indicated to

establish the need for correction of small mold data and its magnitude.

Predicted optimum water
content with fraction data not
corrected for equipment size effects

102. Figures 178 through 183 are companion to Figures 166 through 171

and are based on predictions of optimum water content calculated from

Equation (4) by entering values of optimum water content for the minus No. 4

and minus 3/4-in. fractions obtained from the 6-in. diam mold. The straight

lines connecting data points in Figures 178 through 181 are only for the pur-

pose of aiding the reader in associating gradations. The discrete data are

presented in Table 47. Fig,. es 178 through 181 associat, the data with the

specific test gradations while Figures 182 and 183 are summary plots to show

estimated general trends. Comparisons among the corresponding figures reveals

that correction of the data produced a general improvement in prediction of

optimum water content just as it did maximum dry unit weight even though in
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some cases such as that of the minus 3-in. gradations the uncorrected data

provides slightly superior estimates.

Other prediction methods

103. AASHTO AND USBR. Both the American Association of State Highway

and Transportation Officials (AASHTO) and the US Bureau of Reclamation employ

an identical modified version of Equation (3) to compute maximum dry unit

weight of the total material from that of the minus No. 4 fraction. Both

agencies use Equation (4) for calculating water content. The AASHTO approach

to predicting maximum dry unit weight is contained within their test designa-

tion T224-86, "Standard Method for Correction for Coarse Particles in the Soil

Compaction Test" and the USBR method (USBR 1989b) is addressed in their test

designation USBR 5515-89, "Procedure for Performing Laboratory Compaction of

Soils Containing Gravel". The modified form of Equation (3) is as follows:

IyfmaxywGm 
(5)Ytax = fYwGm + ICyfix

where

yt. - calculated maximum dry unit weight of the total material

yfm - maximum dry unit weight of the minus No. 4 sieve fraction
obtained in the 4-in. diam mold

y, - unit weight of water

7C - bulk specific gravity of the gravel

c - decimal percentage by weight of coarse or oversize fraction
which is in this case the plus No. 4 fraction, i.e., the
decimal percentage by weight of gravel

f - decimal percentage by weight of minus No. 4 fraction

r - fraction density factor defined as the calculated dry
unit weight of the minus No. 4 fraction in the total material
divided by its maximum dry unit weight, i.e., Yf/Yfmax
or the percent compaction (expressed as a decimal) of
the minus No.4 fraction in the total material

The modification of Equation (3) then amounts to substitution of the identizv

r yfrax for yf , The difference in the two organizations' practices lies in

the difference in values of the fraction density factor assigned to the given

total material based on its gravel content. The authors have been unable to

find a reference which describes how the AASHTO developed its values. The
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USBR bases its values on considera.- testing experience and recommends their

use only in the absence of more "precise" data.

104. NAVFAC. Naval Facilities Engineering Command (NAVFAC) presents a

different approach to correcting the value of dry unit weight of either the

minus No. 4 fraction or the minus 3/4-in. fraction to obtain that of the total

material. NAVFAC also uses Equation (4) for calculating water content. The

equation presented in their Design Manual 7.2, "Foundations and Earth Struc-

tures," 1982, is a follows:

i 1 - (0.05)F
F + (I- F) (6)

Y fmax

where

tmax - calculated maximum dry unit weight of the total material, pcf

Yfmax laboratory maximum dry unit weight of either the minus No. 4
or minus 3/4-in. fraction, pcf, obtained in the 4- or 6 -in.
diam mold as appropriate

F - percent coarse or oversize fraction expressed as a decimal

The constant value of 162 in Equation (6) represents the term Gm y" so that

a constant value of bulk specific gravity of the oversized particles of 2.59

is assumed. Recognizing that the term (1-F) is the percent ine fraction

expressed as a decimal, Equation (6) can be rearranged to the following form:

= (1 - 0.05c)yf..Gyw ()
fGmYw + cYfmax

where all terms are the same as in Equation (6) except that as in Equa-

tions (I) and (3):

c - percent coarse fraction expressed as a decimal

f - percent fine fraction expressed as a decimal

Equation (7) can readily be seen to be Ziegler's Equation (I) multiplied by

the factor (I - 0.05c) and taking a constant value of bulk specific gravity of

the gravel as 2.59. The NAVFAC DM 7-2 describes Equation (6) as a modified

version of McLeod (1958). Examination of that ASTM reference reveals that
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McLeod's method is precisely identical to Ziegler's. The authors have been

unsuccessful at determining the Navy's rationale in applying the factor

(1 - 0.05c).

105. Equation (7) can be equated to Equation (5) to derive an equiva-

lent Fraction Density Factor, r , for the NAVFAC method. That derivation

yields:

r = 162f(I - 0.05C) (8)

162f + 0.05C2yfmax

106. Before proceeding to compare Fraction Density Factors developed

from this investigation with those offered by the USBR and AASHTO and those

derived for NAVFAC, it is necessary to review some pertinent fundamental fac-

tors related to those comparisons. As best the authors can determine, the

USBR and AASHTO factors are based on minus No. 4 fraction maximum dry unit

weights obtained in the 4-in. diam mold employing a hand-held rammer. The

NAVFAC equation is stated to be for use with either the minus No. 4 or minus

3/4-in. fractions. It was shown previously (see Figure 117) in this investi-

gation that results obtained on minus No.4 fractions in 4 and 6-in. diam molds

with the mechanical compactor may be taken as equivalent. It was also seen i:

review of the literature that shape and position of hand-held rammer compac-

tion curves may differ from those obtained on the same material using a

mechanical compactor. Unfortunately, this investigation did not include hand-

held rammer compaction tests and previous investigations did not examine the

subject other than in a very limited manner. An obvious supposition of this

investigation in keeping with the objective of developing compaction proce-

dures for earth-rock mixtures using a mechanical compactor is that all mate-

rials will be compacted with that equipment. If one chooses to believe that

the same average value of maximum dry unit weight of the minus No. 4 fraction

would be obtained from several replicate tests between the 4 and 6-in. diam

mold by both hand-held rammer and mechanical compactor, the comparisons of

Fraction Density Factors to follow can be accepted without caveat.

107. Figures 184 through 187 compare Fraction Density Factors developed

from this investigation for minus 3-in. and minus 2-in. gradations with the

USBR, AASHTO and derived NAVFAC values [Equation (8)]. Figures 184 and 185

show WES factors based on taking the fine fraction as the minus No. 4 material
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while Figures 186 and 187 utilize the minus 3/4-in. fraction. Since both USBR

and AASHTO designate the fine fraction to be the minus No. 4 material, their

factors are based on data uncorrected for any equipment size effects. The WES

data shown in Figures 184 through 187 include both that corrected and that

uncorrected for equipment size effects. Corrected WES factors were calculated

from Equation (5) by substituting values of the maximum dry unit weights of

the minus 3-in. and minus 2-in. gradations and values of maximum dry unit

weights for the designated fine fractions which were obtained in the same size

mold as the total material values. Tables 48 and 49 show results of calcula-

tion of the corrected WES Fraction Density Factors. Uncorrected WES factors

were calculated using maximum dry unit weights for the minus No. 4 and minus

3/4-in. fractions obtained in the 6-in. diameter mold. Tables 50 and 51 pres-

ent the results of these calculations. Taking the minus No. 4 material as the

fine fraction, Figures 184 and 185 show that Fraction Density Factors devel-

oped from this investigation were generally higher than those cited by the

USBR and AASHTO with the WES uncorrected data yielding the highest values. t

is also seen from Figures 184 and 185 that the WES corrected factors do not

exceed 1.00 for the minus No. 4 fraction. The NAVFAC derived factors do not

reflect nearly the sensitivity to increasing gravel content as compared to

WES, USBR and AASHTO in Figures 184 and 185 but still fall within the range ot

the other three agencies' combined ddta. Taking the minus 3/4-in. material as

the fine fraction, it is seen from Figures 186 and 187 that the WES factors

generally cluster about the derived NAVFAC curve which is touted as also

applicable to that fraction in addition to the minus No. 4 fraction. Unlike

the minus No. 4 fraction, the WES corrected data fo zh- minu, 3/4-in, frac-

tion shows it to exist in the mix above 100 percent compaction at a gravel

content as high as 40 percent.

108. Table 52 gives the WES uncorrected Fraction Density Factors, the

USBR, the average AASHTO and the derived NAVFAC factors for the minus 3-in.

and minus 2-in materials tested in this investigation. Also shown are the

calculated values of maximum dry unit weight of the total materials using the

listed factors applied to the maximum dry unit weights of the minus No. 4

fractions. Of greatest significance among the data given in Table 52 are the

differences in factors among the four agencies for the individual gradations

and the differences in calculated maximum dry densities of the Lotal materials

which result. The maximum differences in Fraction Density Factor for each
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gradation are plotted in Figure 188 where they are seen to vary from 0.03 to

0.04 at the lowest gravel content (Gradation 2A) up to as much as 0.08 or 0.09

for the highest gravel contents (Gradations 4 and 4A). The values of dry unit

weight shown in Table 52 for WES are the actual maximum dry unit weights

because the WES factors were derived using those numbers. So, the following

is evidnt from the table:

a. Use of the USBR factors result in predicted values of maximum
dry unit weight of the total material which range from 1.1 pcf
higher than to 4.7 pcf lower than the actual value. The aver-
age deviation for the minus 3-in. gradations containing silt
fines is 3.3 pcf lower than actual and is 1.1 pcf lower than
actual for the minus 2-in. gradations with silt fines. The
average deviation for minus 3-in, gradations with clay fines
is 2.0 pcf lower than the actual value and for the minus 2-in.
gradations with clay fines is 3.0 pcf lower than actual.

b. The AASHTO factors yield calculated values of the maximum dry
unit weight of the total material which range from 2.2 to
6.1 pcf lower than the actual value. The average deviation
for the minus 3-in. gradations with silt fines is 4.7 pcf
lower than actual and is 3.6 pcf lower for the minus 2-in.
gradations with silt fines. The average deviation for minus
3-in. gradations with clay fines is 4.2 pcf lower than actual
and is 5.4 pcf lower for the minus 2-in. gradations.

C. The NAVFAC derived equivalent factors result in calculated
values of maximum dry unit weight of the total material which
ran-e from 0.9 to 6.6 pcf lower than the actual values. For
the minus 3-in. gradations containing silt fines the average
deviation is 4.0 pcf lower than actual and is 3.2 pcf lower
for the minus 2-in. gradations. The average deviation for the
minus 3-in. gradations with clay fines is 3.2 pcf lower than
actual and for the minus 2-in. gradations is 4.8 pcf lower.

Obviously, neither the USBR, the AASHTO nor the NAVFAC methods are satisfac-

tory for the majority of the gradations tested by WES. To add a more general

dimension to the assessment of "standardized" Fraction Density Factors,

Figure 189 shows the factors calculated for all tests on gradations cortaining

clay fines for this investigation and those discussed earlier in the review of

the literature. The data of Figure 189 encompasses maximum particle sizes

from 3/4-in. to 4-in., a wide range in shape of grain-size distribution cur-

ves, percent minus No. 200 sieve approaching 40 percent, and plasticity of the

fines (minus No. 200 sieve sizes) ranging from clay (CL) to clay (CH). The

authors believe that Figure 189 clearly indicates that the Fraction Density

Factor (percent compaction of the fine fraction in the total material) is very;

much a function of the gradation and the plasticity. The bandwidth in factors
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evident in Figure 189 is about 0.10 throughout the range in gravel content.

The point to be made from all these comparisons of Fraction Density Factors

lies in Figure 190 which shows the serious impact of very small variations in

the factor on the calculated value of dry unit weight of the total material.

It appears that it is not a wise practice to utilize Fraction Density Factors

unless they have been established specifically for the materials at hand over

their range in gradations and plasticities. The use of generalized factors

such as those offered by USBR, AASHTO and NAVFAC may lead to major errors and

failure to actually control compaction.
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PART VII: THE CONCEPT OF GRAVEL INTERFERENCE

General

109. The terms interference, particle interference and interference

gravel content have been used previously in this report without definition.

The authors purposely delayed discussion of the subject and an attempt to

explain "interference" until after the reader had a chance to become familiar

with the compaction characteristics of gravelly soils and the various factors

which appear to affect those characteristics. Perhaps, the only safe state-

ment to make regarding a definition of interference which might not arouse

much contest is that it refers to the effects that added gravel has on the

compaction of a finer fraction. By finer fraction, it is easiest to take that

as a reference to the minus No. 4 fraction, i.e, that fraction containing no

gravel. However, the finer fraction has also been taken as the minus 3/4-in.

fraction within this report as well as by other investigators. In the discus-

sion that follows, the minus No. 4 f-action will be synonymous with finer

fraction. The reader should take note that the term "matrix" has been care-

fully avoided throughout this report. The authors can see only confusion from

use of this term in treatment of characteristics or properties of earth-rock

mixtures except in the special case of a very severely gap-graded material.

Hypothetical Interference Concepts

110. The differences of opinion concerning the definition of interfer-

ence arise over whether or not the term is even appropriate or exactly what

phenomena are believed to contribute to it. It was pointed out in discussion

of the 1963 USBR report that particle interference was seen specifically as

the development of voids between gravel particles which were not filled or

partially filled with minus No. 4 material. This occurrence could only result

in a depressed average dry unit weight of the minus No. 4 material. At the

same time, the 1963 edition of the USBR Earth Manual contained the curves

previously shown in Figures 184 and 185 which for clayey gravels indicates the

percent compaction of the minus No. 4 fraction to exceed 100 percent at gravel

contents below about 33 percent (data uncorrected for mold size effects).

Figures 184 through 187 also show that this investigation found the minus

90



3/4-in. and No. 4 fractions of some gradations with both silt and clay fines

to exist in the total material above their maximum dry unit weights at low

gravel contents even if the data are corrected for equipment size effects.

The USBR (see Figure 3) and Donaghe and Townsend (see Figure 30) showed

increases in maximum dry unit weight with increase in gravel content which

generally followed a smooth curve up to and even beyond the "optimum" gravel

content (usually somewhere between 50 and 70 percent gravel). Garga and

Madureira (see Figures 46 through 50) did not observe very smooth trends. The

authors attribute this to, (1) an endemic problem with precision in compaction

testing of large specimens which can also be seen in the data obtained during

this investigation in Figures 118 through 125, and (2) the fact that Garga and

Madureira calculated water contents of the total materials using an assumed

value for water content of the gravel fraction. Because the four gradations

at each maximum particle size tested in this investigation contained two dif-

ferent minus 3/4-in. fractions, only two total material maximum dry densities

were obtained for each fraction for each maximum particle size. The two minus

3/4-in. fractions produced two different trends in maximum dry unit weight of

the total material with only two gravel content points for each so that no

assessment of the smoothness of trend in maximum dry unit weight can be made.

Given a smooth transition of total material maximum dry unit weight, the cal-

culated decline in dry unit weight of the minus No.4 fraction will also be a

smooth curve with increasing gravel content in the parent gradation. Also, it

is seen from Figure 189 that all referenced investigators found the dry unit

weight of the minus No.4 fraction to be above 90 percent of standard effort

maximum dry unit weight up to 50 percent gravel.

111. Figure 191 (Barnes, 1987) shows theoretical computations of spher-

ical gravel particle separation for a cubical arrangement (loosest state) and

a tetrahedral arrangement (densest state) for actual compacted materials for

increasing gravel content and two watez contents of the fine fraction (clay).

It is seen from Figure 191 that the gravel content at which uniform spherical

particles would come into contact (zero d/D ratio) decreases with decreasing

water content of the fraction and lies somewhere between about 5( and 8u per-

cent at the lowest water content of 12 percent. For gravelly soils containing

non-uniform and non-spherical particles this range in "particle contact"

gravel content appears to be somewhat lower and probably corresponds to the

"optimum" gravel content with respect to maximum dry unit weight. At any
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rate, at lower than "optimum" gravel contents the particles can still "float"

in the finer fraction. Given the fact that the particles are floatin, in the

finer fraction, the relatively high degree of compaction of the finer fraction

and the smoothness of the trend in increasing maximum dry unit weight of the

total material, it doesn't seem that the hypothetical interference factor of

random unfilled voids is credible below the optimum gravel content.

112. Another hypothetical argument which has been advanced to explain

at least a significant portion of the calculated decline in dry unit weight of

the finer fraction with increasing gravel content is that excess voids develop

about the gravel particles as the result of a rigid boundary effect. Hardin

(1989) addresses this effect particularly with respect to the determination of

the void ratio of sands using various sizes and shapes of molds. Soil speci-

mens are commonly formed in rigid molds with a plane surface struck off at the

top with a rigid straightedge. The rigid boundaries and plane surfaces inter-

rupt the packing of the particles. When the volume of the specimen is

computed from the volume of the mold and plane surfaces, additional void space

at the boundaries that is not representative of the void ratio of a repeating

element of the packing away from a boundary is included in that volume.

Analogously, a rigid gravel particle imbedded in the finer fraction also

represents an interruption of the particle packing of the fraction. Hardin

experimentally verified the following theoretical expression for correcting

the measured void ratio for the rigid boundary effects:

1. 6D1 0
ecorr : em.as - 1 (9)

6 Z
A

where

ecorr - void ratio corrected for rigid boundary effects

emeas - measured void ratio

D10 = soil particle diameter at 10 percent finer by weight

V - volume of the mold

A - mold surface area (including any planar end surfaces)

Hardin included sands with subarigular grain shape in his testing program and

concluded that Equation (9) is nearly independent of grain shape. He examined

this experimental conclusion in light of the theory leading to Equation (9)
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and confirmed that grain shape should not significantly alter the boundary

effects.

113. Before discussing adaptation of Hardin's approach to consider

boundary effects produced by a gravel particle imbedded within the minus No. 4

material, it is first instructive to use Equation (9) to determine the minimum

value of D10 requiring correction to the void ratio of a material placed

within the 4-in. and 18-in. diam compaction molds used in the investigation.

In order to do this, it will be assumed that a significant correction to

measured void ratio is 0.005. The calculations are as follows:

a. For the 4-in. diameter mold:

V - 1/30 cu ft = 943.89 cm3

A - 533.74 cm
2

V/A - 1.768 cm

substituting into Equation (9)

1.6Di
0.005 = 1 D C. 151DI06V

from which D10 - 0.033 cm or 3.33 mm (fine sand range)

b. For the 18-in. diam mold:

V - 75,047.42 cm
3

A - 7,078.16 cm
2

V/A - 10.60 cm

.005= 1.6D1 =0.025D06 V
A

D10 - 0.199 cm or 1.99 mm (coarse sand range)

Therefore, in the 4-in. diam mold, no correction would be required to the

measured void ratio if the minus No. 4 material contained 10 percent or more

finer than 0.33 mm. In the 18-in. diam mold no correction would be required

if the total material contained 10 percent or more smaller than 1.99 mm.

Practically speaking, these calculations show that for soils typically tested

by impact compaction to obtain moisture-density curves that corrections to

measured void ratio for rigid mold boundary effects would not be required

since such materialq typically contain more than 10 percent finer than the

No. 200 sieve. This cannot be said for determination of maximum and minimum

densities for cohesionless soils where material D10 sizes may be considerably

larger.
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114. To adapt Hardin's approach to estimate the rigid boundary effects

produced around a rigid gravel particles buried within the minus No. 4 mate-

rial, it is only necessary to envision the particles as a "molds" containing

the finer fraction material. This approach then yields the specific volume of

material requiring correction to be that contained within the "molds", i.e.,

the total volume of the gravel. Equation (1) is used to obtain the "measured"

value of the dry unit weight of the minus No.4 fraction. Equation (9) can

then be used to determine the correction which would be required to the mea-

sured void ratio of the volume of material contained within the particle-

shaped "molds". If the particle is assumed to be spherical in shape, the

ratio of its volume to its surface area, V/A, is 1/3 the radius such that the

calculated correction increases as the particle size decreases. Thus, a most

severe case for a given D10 of the fraction would be for a small spherical

gravel size at a high gravel content. After determination of the correction

required to the measured void ratio of the small volume of material contained

within a single particle-sized spherical "mold", that volume can be repre-

sented as a uniform thickness of the material around the particle. Visual-

izing this physical concept for all of the gravel particles, the total volume

of minus No. 4 material requiring correction is then identical to the total

volume of gravel solids and, depending on the gravel content, may or may not

constitute 100 percent of the total volume of the minus No. 4 fraction in the

total material. It is to be noted that this approach assumes that the envi-

sioned layers of material around the particles do not overlap. In fact, at

some gravel content surely lower than the "optimum" gravel content, this

assumption will not be true and will lead to an inflated value of percentage

of total minus No. 4 volume requiring correction. For instance, in the case

of uniform spherical particles, the assumption would no longer be true once

the distance between particles becomes 0.26 times the particle diameter.

Reference back to Figure 191 indicates that this particle separation would

begin to occur at about 35 percent gravel content. In addition, particles

near the specimen boundary which would result in only a portion of the envi-

sioned layer being included in the corrected volume are also not accounted

for. So, the approach to computing the percentage of total minus No. 4 volume

requiring correction to the dry unit weight is conservative. Accepting the

conservatism of the method, the total correction to the density of the minus

No. 4 fraction can be computed using a weighting approach, i.e, using a
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corrected dry unit weight for that portion of the minus No.4 found to require

correction and the "measured" (calculated using Equation (1)) dry unit weight

for the remainder.

115. To check a severe case of small gravel particles and high gravel

content, the procedure described above will be followed assuming a gradation

containing 50 percent gravel with uniform spherical particles passing the

3/8-in. sieve and a minus No. 4 fraction with a D10 of 0.074 mm (No. 200 sieve

size). A value of 130 pcf will be assumed for the maximum dry unit weight of

the total material, a value of 2.60 will be taken for the bulk specific gravi-

ty of the gravel and a value of 2.70 will be used for the specific gravity of

the solids for the minus No. 4 fraction.

Calculation of the correction for one particle:

(1) Diameter of spherical particle passing 3/8-in. sieve - 9.52 mm

(2) V/A - 1/3 radius (r) - 4.76 mm/3 - 1.59 mm

(3) correction - 1.6D1 0 - 1.6 (.074 mm) - 0.0124

6V/A 6 (1.59 mm)

Equivalent uniform thickness of volume around a particle:

4r1
(1) -- =2 V=903.52am3

3

(2) r,3 - 215.70 mm3

(3) r, - 6.00 mm

(4) equivalent uniform layer thickness = r, - r = 1.24 mm

This step is not necessary to the ultimate objective and is only shown to aid
the reader's visualization of the concept.

Total volume of minus No.4 material requiring correction:

As previously explained, this volume is equal to that of the gravel or
11,340 cc. Following the physical concept, this is equal to the volume of
material around each particle requiring correction times the total number
of gravel particles.

Total volume of minus No.4 material in the total material:

(1) This volume is equal to the total volume of 1.0 cu ft minus the volume
of the gravel or 28,317 cc - 11,340 - 16,977 cc

(2) Therefore, the percentage of the total volume of minus No.4 material
requiring correction is i,340cc - 67 percent.

16,977cc

95



Void ratio and dry unit weight of the minus No.4 fraction

(1) Uncorrected or "measured" dry unit weight of minus No. 4 fraction calcu-
lated from Equation (1) - 108.45 pcf or void ratio - 0.554 (G, taken as
2.70)

(2) Corrected void ratio for 67 percent of the fraction - 0.554 - 0.012
- 0.542

(3) Corrected dry unit weight of 67 percent of minus No. 4 fraction
- 109.3 pcf

(4) Weighted value of corrected dry unit weight of minus No. 4 fraction:

0.67(109.3 pcf) + 0.33(108.45 pcf) - 109.0 pcf

So, for a material containing 50 percent by weight of uniform spherical

3/8-in. gravel particles and a minus No. 4 fraction with a D - 0.074 mm, the

density of the minus No. 4 material in the total material would require cor-

rection upward of 0.6 pcf relative to that calculated using Equation (1) to

account for this relatively severe case of rigid particle boundary effects.

If the above computations are carried out changing only the gravel to uniform

spheres passing the 1-1/2-in, sieve, the void ratio correction becomes 0.003,

the percentage of the minus No. 4 fraction requiring correction remains the

same and the weighted value of corrected density of the minus No. 4 fraction

increases by less than 0.2 pcf over that calculated using Equation (I). At

50 percent gravel the particle separation indicated by Figure 191 would be so

small that the conceptual uniform layers around particles used in calculation

of the total percent of the minus No. 4 volume requiring correction would

overlap significantly. Therefore, the already minor corrections to dry unit

weight indicated for the two particle sizes treated above would be excessive.

116. Figure 192 is provided as a summary cf the void ratio correction

indicated by Equation (9) for various sizes of uniformly graded spherical

gravel particles. The minus 3-in. gradation tested by the USBR (1963) shown

in Figure I contained 50 percent gravel and had an average gravel particle

size of about 1-1/2-in, and the minus 3/8-in. gradation (Figure 1) contained

only 18 percent gravel. The minus No. 4 fractions exhibited a DI0 of less

than 0.005. A quick assessment using Figure 191 reveals that none of the

materials tested by the USBR would have required a significant dry unit weight

correction to that calculated from Equation (1) for the minus No. 4 fraction

for particle rigid boundary effects. Gordon, Hammond and Miller (1965) tested
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the gradations shown in Figure 10. The smallest maximum particle size for

gravelly gradations was 3/4-in. at a maximum gravel content of about 35 per-

cent. The largest maximum particle size was 4-in. at a maximum gravel content

of about 60 percent. The D10 of the minus No. 4 materials was about 0.002 mm.

None of their test data would require significant correction of the calculated

dry unit weight of the minus No. 4 fraction. The full-scale Degray Dam gravel

tested by Donaghe and Townsend (1973) shown in Figure 15 contained 47 percent

gravel with an average particle size of about 3/4-in. and a minus No. 4 frac-

tion with a D10 less than 0.001 mm. For this material, there would be no sig-

nificant correction of the calculated dry unit weight of the minus No. 4 frac-

tion. The same is true for the scalped/replaced minus 3/4-in. gradation of

the DeGray Dam material. Donaghe and Townsend (1975) also tested the grada-

tions shown in Figure 19. Gravel content of full-scale and companion minus

3/4-in. scalped/replaced gradations ranged up to 60 percent. The D,0 of the

minus No. 4 material was apparently around 0.005 mm. Considering the worst

case of the minus 3/4-in. scalped/replaced gradation with 60 percent gravel,

no significant correction to the calculated void ratio of the minus No. 4

fraction is computed from Equation (9). Garga and Madureiras' test gradations

listed in Table 18 show that the minus No.4 materials exhibited between 13 and

33 percent smaller than the 2 micron (0.002 mm)particle size. Figure 192

shows that for any of the maximum particle sizes tested that the void ratio of

the minus No.4 fractions would not be corrected as much as 0.001. Figures 66

and 67 show the gradations tested in this investigation. The minus No. 4

fractions (Gradations 1C and 3C) with both silt and clay fines ranged in D10

between about 0.01 mm and 0.0005 mm. None of these gradations would require a

significant correction to the calculated dry unit weight of the minus No. 4

fraction in the total material.

117. It is concluded that a typical earth-rock mixture containing

10 percent or more fines would not require either correction of the maximum

dry unit weight of the total material for rigid boundary effects of the com-

paction mold or correction of the calculated dry unit weight of the minus

No. 4 fraction for rigid boundary effects of the gravel particles. In addi-

tion, where compaction tests of the minus No.4 fraction are performed in a

4-in. diam mold, no correction is required to that dry unit weight for rigid

compaction mold boundary effects. Therefore, the argument that the calculated

(Equation 1) decline iLn dry unit weight of the minus No. 4 fraction of the
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total material with increasing gravel content is significantly attributable to

improper inclusion of voids due to rigid boundary effects of the gravel par-

ticles is not sustained.

118. A third hypothesis of gravel interference is that the presence of

the gravel alters the manner in which the fraction "feels" the applied compac-

tive effort. Generally, this has been seen as a shielding of the fraction

from the full effects of the applied energy at moderate (say, 35 percen and

higher gravel contents. The most extreme effects would, of course, become

evident at the gravel content (usually greater than 50 percent) at which the

gravel particles begin to come into contact. Above that gravel content, the

hypothesis of interference as the development of unfilled voids between gravel

particles becomes more apropos. However, it is not this extreme situation at

higher gravel content which is ordinarily of practical interest in the

compaction/compaction control of earth-rock mixtures. Instead, it is more

important to understand the effects of gravel on the densification of the

finer fraction as gravel content increases toward the onset of the severest

interference conditions which can likely be taken as the "optimum" gravel

content with respect to the maximum dry unit weight for a given compactive

effort.

Relative Compaction of a Fraction of the Total Material

119. Unlike past investigations, the testing program reported herein

provides the necessary comparative data to track the compacted state of the

minus No. 4 and minus 3/4-in. fractions with gravel content against their own

compaction curies. This is to say that for a given total material at its

optimum water content and maximum dry unit weight, the calculated water con-

tent (Equation (2)) and dry unit weight (Equation (1)) of the fraction can be

compared directly with the compaction curve for the fraction to assess the

influence of the gravel. In the absence of specific test information, calcu-

lation of the water content of the minus No.4 fraction from Equation (2) has

to be made by taking the optimum water content of the total material and the

air-dry water content (0.6 percent) of the gravel since the wetted fraction

was added to air-dry gravel immediately before compaction. There is no reason

to believe that the water content of the gravel remained precisely as-mixed

but the authors are of the opinion that the gravel did not rob sufficient
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water from the fraction during the time compaction was performed to invalidate

the comparative study. An additional necessary consideration for such com-

parisons is that the compaction curve for the fraction be that obtained in the

same size mold as for the total material. As will be evident later, when the

total material is at its optimum water content, the fraction is not (except

for a singular value of gravel content) so that the fraction would not achieve

its maximum dry unit weight under the applied compactive effort unless the

gravel produces an extraordinary net densification (a "positive" interfer-

ence). If the fraction achieves its standard effort dry unit weight at its

water content in the total material, then no interference by the gravel is

indicated. If the fraction attains a net dry unit weight in excess of its

standard effort dry unit weight at its water content in the total material, a

"positive" interference is implied. If the gravel produces a net "shielding"

of the fraction from the full effects of the applied effort, the dry unit

weight achieved by the fraction will not reach the value of its standard

effort dry unit weight at its water content in the total material (a "nega-

tive" interference). Of course, there is nothing to say for all these cases

that both "positive" and "negative" interferer-e effects can't be coexistent

(and probably are). Note that reference has been made to Lhe net dry unit

weight of the fraction because it is reasonable to believe that the density

pattern within the fraction is very variable.

120. Figure 199 presents the results of the comparisons described above

expressed as the percentage of standard effort dry unit weight attained by the

minus No. 4 fractions at their water contents in the total material versus the

gravel content of the total material. Figure 199 is a plot of the same per-

centages as a function of the percent minus No. 200 sieve size in the total

material. Ignoring the estimated trend curves (to be discussed later) shown

in Figure 199, it would appear that the data for gradations with silt fines

and for those with clay fines represent single respective trends across the

range of gravel contents even though minus No.4 fractions of Gradations 1

and 2 and their fractions and Gradations 3 and 4 and their fractions were dif-

ferent (see Table 19). However, when the data are plotted against percent

minus No. 200 sieve size as in Figure 199, it is seen that the different minus

No. 4 fractions produced different data trends especially for clay fines even

though no practical difference is evident for Gradations 1 and 2 and their

fractions on the basis of plasticity of fines. Figure 199 indicates that, in
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general, the addition of gravel to a minus No.4 material (whether plastic or

nonplastic) will result in a decreasing trend in the compaction of the frac-

tion with respect to its standard effort dry unit weight for its water content

as a component of the total material. Initially, over some lower range in

gravel content which varies with gradation and/or plasticity of the fraction,

the dry unit weight of the fraction will exceed its standard effort dry unit

weight for its water content and at higher gravel contents will fail to reach

that value. Apparently, the fraction will be brought to its standard effort

dry unit weight for its water content only at some singular value of gravel

content. Figure 199 shows the converse as a reversed trend with increasing

fines content (minus No. 200 sieve size). It is very difficult to explain the

trends of Figures 199 and 200 on the basis of gradation and plasticity factors

because of the number of variables involved and the fact that two minus

3/4-in. and minus No. 4 fraction gradations were employed. Both figures show

the data to be indistinguishable on the basis of plasticity of fines for

Gradations 1 and 2 and their gravelly fractions. On the other hand, the data

for Gradations 3 and 4 and their gravelly fractions distinctly separate on the

basis of plasticity of fines. Why would gradations I,lA,2,2A and IB with

percent fines ranging from 21 to 35 percent not result in separate trends for

silt versus clay fines while Gradations 3,3A,4,4A and 3B with percent fines

over the identical range do? The gravel contents ranged from 10 to 46 percent

for Gradations I,lA,2,2A and IB and from 40 to 64 percent for Gradations 3,

3A,4,4A and 3B. With the same range in fines content but a generally higher

percent gravel, the ratio of sand content to fines content was lower for Gra-

dations 3 and 4 (0.71) and their gravelly fractions than for Gradations 1

and 2 and their fractions (1.57). Certainly, for the case of clay fines this

translates to a more plastic nature of the minus No.4 fraction of Gradations 3

and 4 and their fractions as compared to Gradations 1 and 2 and their frac-

tions. The authors guess that the higher ratio of sand to clay fines (1.57)

in Gradations i and 2 and their gravelly fractions produced a sufficiently low

plasticity of the minus No. 4 fractions that differences in relative compac-

tion of those fractions as compared to those containing silt could not be seen

within testing precision variations. In the case of Gradations 3 and 4 and

their gravelly fractions with a lower sand to clay ratio (0.71), the plastic-

ities of the minus No. 4 fractions were sufficiently different between silt

and clay fines to see a difference in the data trends. However, in the range
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of overlap in gravel contents between the two gradation data sets (Figure 199)

which is between 40 and 46 percent, the data for silt fines approximately

correspond. This leads to the thinking that the trend separation for silt

fines of Figure 194 is not explained by a difference in sand to silt ratio but

is surmised to be the result of the difference in gravel contents of the two

minus 3/4-in. fractions. For clay fines in the overlap range of gravel con-

tent, the data for Gradations 3 and 4 and their fractions fall significantly

lower than for Gradations 1 and 2 which is seen as the combined effects of

plasticity and gravel content. The estimated trend curves drawn on

Figures 193 and 195 are based on the above reasoning. Note that the authors

take the liberty in Figure 193 to indicate by pure supposition (dotted curve)

that the trend curve for Gradations I and 2 and their fractions (not shown,

but also for Gradations 3 and 4 and their fractions) must pass through zero

gravel content at 100 percent of the fractions' standard effort densities

which would correspond to their maximum dry unit weights. So, in summary and

almost obviously, for a given gravel content, the relative state of compaction

achieved by the minus No. 4 fraction is a function of gravel content and plas-

ticity such that increasing gravel content and/or plasticity of the finer

fraction results in a decreasing percent of standard effort density of the

fraction.

121. Figure 195 shows the calculated water contents of the minus No. 4

fractions with respect to their optimum water contents versus gravel content

in the total material. Figure 196 plots the same relative water contents

versus percent fines in the total gradation. It is evident from these two

figures that the relative water content data scatter significantly but the

authors still venture to affix estimated trends. Viewing the data holisti-

cally, Figure 195 shows that as gravel content is increased from a low value.

the fraction has to be steadily wetted from dry of its optimum to increasingly

wet of its optimum to permit the total material to come to its maximum dry

unit weight for the applied compactive effort. Unlike the relative compaction

data for Figures 193 and 195, the relative water contents for Gradations I

and 2 and their fractions do separate on the basis of plasticity of fines.

Just as the percentages of standard effort dry unit weight for thrir water

contents are similar between silt and clay fines (Figures 193 and 195) in Gra-

dations I and 2 and their fractions so also are their percents of maximum dry

unit weight. Therefore, the corresponding water contents relative to optimum
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cannot be similar because of the typical differences in shapes of compaction

curves between plastic and nonplastic materials, i.e., the dry and wet legs of

compaction curves of silty materials are generally steeper in slope than for

plastic soils. Figure 196 is more or less a mirror image of Figure 195 but

with a more distinct separation of data because of the two minus 3/4-in. frac-

tions employed in the gradations and because, for a given percent fines, Gra-

dations 3 and 4 and their fractions contained more gravel than Gradations I

and 2 and their fractions. Again, the authors show in Figure 195 that the

water contents of the fractions must trend to their optimum water contents at

zero percent gravel.

122. Figures 197 and 198 present relative compaction and relative water

content data for the minus 3/4-in. fractions, respectively. The relative

compaction data of Figure 197 do not appear to be separable by plasticity of

the minus No. 200 material within the precision of the results but certainly

can be distinguished on the basis of the two different minus 3/4-in. fractions

employed in the test gradations. The minus 3/4-in. fractions (Gradation 1B)

of Gradations 1, IA, 2 and 2A contained only 10 percent gravel while the minus

3/4-in. fractions (Gradation 3B) of Gradations 3, 3A, 4, and 4A contained

40 percent gravel. It appears that the data for Gradations 3 and 4 and their

minus 2-in. fractions were shifted downward as a result of the higher gravel

content. The relative water content data of Figure 198 also show that the

minus 3/4-in fractions had to be wetted as additional gravel was incorporated

to produce the optimum water content of the total material. The data are

sufficiently scattered in Figure 198 that the authors prefer not to draw esti-

mated trend curves even though it appears that Gradations 1 and 2 and their

fractions trended lower and flatter as compared to Gradations 3 and 4 and

their fractions. The data probably should be separate on the basis of plas-

ticity of fines but the presence of gravel in the fraction apparently made the

compaction curves less distinctive in shape by plasticity of fines as compared

to the minus No. 4 fractions.

123. The relative compaction and relative water content data for the

minus No. 4 fractions and the minus 3/4-in. fractions can be combined as in

Figure 199 and 200, respectively, by taking the abscissa of the plots as per-

cent oversize. When this is done, it is seen from Figure 199 for relative

compaction that the two data sets are compatible. The estimated trend curves

shown in Figure 199 offer a revision of trends previously affixed to
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Figure 195 where a separation between Gradations 3 and 4 and their fractions

on the basis of plasticity of fines could be interpreted. The relative water

content data of Figure 200 are so scattered and mixed among plasticity of

fines and gradations that the authors do not attempt to show separate trends.

Implications of the Test Data Regarding the
Nature of Gravel Interference

124. The test data presented above show that the minus No. 4 fractions

transition in their net dry unit weights in the total material with increasing

gravel content from values which exceed their standard effort dry unit weight

for their water content ("positive" gravel interference) to values which fail

to equal that dry unit weight ("negative" gravel interference). The range in

lower values of gravel content over which the fraction is subject to "posi-

tive" interference apparently varies with gradation and the overall plasticity

of the fraction. However, "positive" interference is also seen for some range

in lower gravel contents for nonplastic fractions. The USBR (1989) confirms

this effect in terms of percent compaction of the minus No. 4 fraction (see

Figure 190) for clayey gravels but not for silty gravels. Nothing specific

can be said for gravel contents lower than 10 percent since that was the low-

est gravel content tested in this investigation other than that the trend in

relative compaction of the fraction (see Figure 199) must return to 100 per-

cent of maximum dry unit weight of the minus No. 4 fraction at zero percent

gravel.

125. Figure 201 presents a grossly simplified picture representing only

one possible effect explaining how the presence of small quantities of gravel

can result in a net dry unit weight of the fraction which is in excess of its

standard effort dry unit weight for its water content in the total material.

The discussion of the simplified picture to follow obviously ignores the fact

that shearing of the fraction also takes place as the gravel particles are

forced closer together. That shearing may produce either a volume increase or

volume decrease in the affected zone of the fraction assuming drained cGndi-

tions. In addition, it seems logical that the shape of the gravel particles

themselves would generate density patterns about them after the fashion of

variously shaped objects placed in a stream of flowing viscous fluid. The

authors would not dare to address the effects of shear and particle shape and
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proceed under the contention that the effect described below is at least as

significant as other effects and possibly dominant.

126. From Figure 201, for any given uniform deformation of the speci-

men,AH, the average dry unit weight of the fraction within some region A

between the two rigid particles will be higher than that in region B, having

been subjected to a greater volumetric strain. Consequently, the fractional

material in region A will also become stiffer as long as its degree of satura-

tion has not been pushed too high. It is also evident that for the given

uniform change in height,AH, the degree of extra densification and stiffening

of the material between the particles will be a function of the initial dis-

tance between the particles. In an earth-rock mixture, the initial distance

between particles is a direct function of gravel content after the theoretical

fashion of Figure 191. The test data analyses presented above show that as

long as the gravel content is sufficiently low, the applied compactive effort

can successfully move the gravel particles against the stiffening of the mate-

rial between them and also densify the material outside those regions such

that the minus No. 4 fraction can be brought to an overall net dry unit weight

which exceeds that to which the material could be brought at its water content

in the absence of the gravel and "positive" interference is calculated. How-

ever, as gravel content is gradually increased and, consequently, initial

distance between the gravel particles decreases, the applied effort is less

and less capable of moving the particles against the more rapidly increasing

stiffness of the material between them and the stiffer material begins to

dominate the absorption/reflection of the applied energy. As this condition

develops, the material not directly between particles begins to be partially

shielded from the applied energy. At some gravel content, the shielded por-

tion of the fraction becomes so lightly densified that the net dry unit weight

of the fraction fails to equal that value to which the compactive effort would

bring the fraction at its water content if the gravel were absent and "nega-

tive" interference is calculated. As the gravel content reaches its "optimum"

value, the gravel particles almost immediately come into contact and essen-

tially the entire fraccion becomes unaffected by the continued application of

energy unless gravel particle breakage ensues.

127. It was also shown that the minus 3/4-in. fractions exhibit trends

in relative compacted dry unit weights which are similar to those seen for the

minus No. 4 fractions. Of course, the argument of stiffening material between
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gravel particles can't be specifically extended to the minus 3/4-in. frac-

tions. However, the authors submit that the minus 3/4-in. fraction results

are only a manifestation of trends in the minus No. 4 materials. For that

matter, the minus No. 4 fraction trends may also actually be a reflection of

the behavior of a still smaller fraction but still in the manner as hypothe-

sized above.

A Unified View of the Effects of Gravel on the Compaction
of the Minus No.4 or Minus 3/4-in. Fraction

Maximum dry unit weight

128. The USBR and AASHTO approach to predicting the maximum dry unit

weight of the total material employing Equation (5) was previously discussed

beginning with paragraph 67. Equation (5) includes the "r" factor or Fraction

Density Factor which is the decimal expression of the percent compaction of

the minus No. 4 fraction in the total material based on the dry unit weight

calculated for the fraction from Equation (1) when the total material is at

its maximum dry unit weight. The Fraction Density Factor was expressed as a

function of gravel content (see Figure 183). It was shown (see Figure 189)

that the Fraction Density Factor versus gravel content relationships resulting

from this study and those of other cited investigators varied over such a sig-

nificantly wide range that use of single cu7ves such as those recommended by

the USBR or AASHTO could result in unacceptably inaccurate predictions of

maximum dry unit weight of the total material using Equation (5). It was also

shown (see Figure 190) that the calculated value of maximum dry unit weight of

the total material is very sensitive to small differences in the Fraction

Density Factor.

129. Equation (5) interrelates the percent compaction of the fraction,

the maximum dry unit weight of the total material, the percent gravel or per-

cent fines and the bulk specific gravity of the gravel. The value of percent

compaction of the minus No.4 or minus 3/4-in. fraction (Fraction Density Fac-

tor) can be normalized by division by the percent gravel in the total material

times the bulk specific gravity. The authors choose to call this parameter

the "Density Interference Coefficient", I=, which is defined as follows:
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IC  r (10)

where

r - Fraction Density Factor which is decimal value of percent
compaction of the minus 3/4-in. or minus No. 4 fraction when total
material is at maximum dry density

P8 - decimal value of percent gravel in total material

Gm = bulk specific gravity of the gravel

Smooth curves of this parameter versus gravel content are obtained as shown in

Figure 202 for both corrected and uncorrected data and for both silt and clay

fines obtained from this investigation. The calculated values shown in

Figure 202 are summarized in Tables 53 and 54. Figure 203 shows similar

results if the percent compaction of the minus 3/4-in. fraction is treated in

the same manner. Tables 55 and 56 present those discrete data. Figure 204

confirms similar results for the minus No. 4 fraction data of Garga and

Madureira (1985), Figure 205 for the minus No. 4 fraction data of Donaghe and

Townsend (1975) and the USBR (1963) and Figure 206 for the results reported by

Gordon, Hammond and Miller (1964). The discrete data plotted in Figures 204

through 206 are given in Tables 57 through 59. It is gratifying to realize

from Figures 202 through 206 that a smooth curve can indeed be fitted to each

data set even though whole families of gradation curves are represented,

including not only variable gravel content but also variable percent fines and

variable maximum particle size. The apparent smooth trend in the Density

Interference Coefficient is tantamount to a single "line of optimums" in the

plot space of maximum dry unit weight versus optimum water content. It is

pointed out that other compaction control methods such as the one or two point

compaction test of EM 1110-2-1911, Appendix B, rely on the concept of a family

of compaction curves conforming to a single line of optimums. All other

things being identical, the authors reason that a difference only in bulk

specific gravity of the gravel would perhaps shift a given value of maximum

dry unit weight but not the optimum water content. Therefore, the bulk speci-

fic gravity is utilized in the calculation of the Density Interference Coeffi-

cient because it appeared in study of available data that its use might reduce

the coefficient to a single curve for gravelly soils from one geological

environment but exhibiting variable hulk gravities. This remains to be veri-
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fied. The Garga and Madureira (1985) data of Figure 204 represents a range in

maximum particle size, linear gravel gradations and variable minus No. 4 frac-

tions as described in Figure 38 and Table 18. Figure 204 shows some separa-

tion of the trends by compactive effort which appears trivial but, just as for

the Fraction Density Factor, a back-calculation of maximum dry unit weight of

the total material is also sensitive to very small changes in the Density

Interference Coefficient. The minus 3-in. and minus 3/4-in. scalped/replaced

data of Donaghe and Townsend (1975) of Figure 205 represent the range in gra-

dations shown in Figure 19. It is important to see in Figure 205 that the

scalped and replaced gradations produced a different curve as compared to that

indicated for the minus 3-in. parent gradations. This is additional evidence

that scalping/replacing in effect generates a different genre of materials.

It is also seen in Figure 205 that data obtained by Donaghe and Townsend on

minus 3-in. and minus 3/4-in. scalped/replaced gradations containing 40 per-

cent gravel and variable fines (see Figures 33 through 35) also fell on the

respective curves for the major test program for which the percent fines was

fixed at 25 percent (see Figure 19). The USBR (1963) data of Figure 205

represents the minus 3-in. to minus 3/8-in gradations of Figure la. It

appears that for a range in gradations of gravelly soils as would generally be

obtained from geologically similar project borrow sources that a single smooth

curve of Density Interference Coefficient, Ia, versus gravel content in the

total material can be developed for either the minus No. 4 or minus 3/4-in.

fractions. Density Interference Coefficients developed by treating fractions

of those gradations as full-scale materials will lie on the same curve as

those for the parent gradations but coefficients developed for derivative

scalped and replaced gradations will not.

130. Density Interference Coefficients based on maximum dry unit

weights obtained in small molds on the minus No. 4 or minus 3/4-in. fractions

will also conform to a smooth curve versus gravel content in the total mate-

rial. This is shown as data uncorrected for equipment size effects in

Figures 202 and 203 for this investigation. Coefficients calculated for Garga

and Madureira of Figure 204 are uncorrected data as are those for Donaghe and

Townsend of Figure 205 and Gordon, Hammond and Miller of Figure 206. However.

the USBR data of Figure 205 includes both corrected and uncorrected results.

It was previously pointed out in the literature review that the USBR and

Donaghe and Townsend had seen significant equipment size effects between
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values of maximum dry unit weight of the minus No.4 fraction obtained in the

4-in. diam mold as compared to the large mold (18 to 19-in. in diameter). The

USBR data of Figure 205 shows a significant shift in the Density Interference

Coefficient as a result of the equipment size effects.

Predicting the maximum dry unit
weight of the total material
using density Interference Coefficients

131. Because the value of maximum dry unit weight of the total material

back-calculated on the basis of the Density Interference Coefficient is sensi-

tive to small variations in the factor as indicated in Figure 207, it is

necessary to assess the practicality of use of the curve for prediction pur-

poses. In other words, if a smooth curve is fitted by eye to the Density

Interference Coefficient versus gravel content data, will values picked off

that curve result in a satisfactorily accurate prediction of the maximum dry

unit weight of the total material? The prediction procedure amounts to cal-

culating the percent compaction of the fraction in the total material from the

Density Interference Coefficient (given the gravel content and the bulk speci-

fic gravity) and then translating that value to actual dry unit weight of the

fraction by multiplying the percent compaction of the fraction by its maximum

dry unit weight. The correct dry unit weight of the fraction can then be

entered into Equation (la) to calculate the maximum dry unit weight of the

total material. Equation (la) can be restated in terms of the Density Inter-

ference Coefficient, I=, beginning with previously stated Equation (10) as

follows:

IC  r (10)

and, since r= Y wherein yf¥ax is the maximum dry unit weight

of the finer fraction

Yf = PSIcYfm.Gm

substituting into Equation (1):
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P8IcYmaxYwGm (11)
Y tmax =

fyw + P 8CICYfMaX

where

Ytmax - predicted maximum dry unit weight of the total material, pcf

y. - unit weight of water or 62.4 pcf

f - decimal value of percent finer fraction by weight

c - decimal value of percent oversize by weight which is equal P.
if I. is based on the minus No. 4 fraction

If the bulk specific gravity of the gravels associated with a project is not a

variable, it need not be used in the calculation of the Density Interference

Coefficient. Equations (10) and (ii) above would be altered accordingly. The

only effect would be a scaling upward of the numerical values of the coeffi-

cient and the absence of the bulk gravity in back-calculation of the maximum

dry unit weight of the total material using the coefficient to be presented in

the next paragraph. It is emphasized thaL there must be no presumption that

the bulk gravities of the gravel fractions are ail the same since the break-

down of the parent geological materials i-to different sizes to form the gra-

dation at hand may well reflect mineralogy. It would be wise to verify these

numbers by testing each gravel fraction.

132. Figure 208 presents the results of prediction of the maximum dry

unit weight of the total material using Equation (II) with the Density Inter-

ference Coefficient based on the minus No.4 fractions of the gradations tested

in this study. Figure 209 presents the prediction results using a Density

Interference Coefficient based on the minus 3/4-in. fraction. For both the

corrected and uncorrected data, a Density Interference Coefficient versus

gravel content curve was drawn through the average values of Figures 202

and 203 taking the silt and clay fines data together as one set. To do this,

it was found necessary to plot the data of Figures 202 and 203 to a suffi-

ciently large scale to allow picking of values from the curve with a good

estimate of the third decimal place in the value of Density Interference

Coefficient. For sake of simplicity, the two percent precision limits shown

in Figures 208 and 209 (and in similar figures to follow) were calculated by

taking two percent of the actual value of maximum dry unit weight of the total

material. The rigorously correct way to apply the precision limit would be to

average each pair of actual and predicted values and then take two percent of
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that number. However, the simplified approach does not result in any compara-

tive data points falling within the approximate precision limits shown when in

fact they are actually without by the correct calculation. Figures 208

and 209 both show that for the materials tested in this investigation that

average Density Interference Coefficients based on either the minus No. 4 or

minus 3/4-in. fractions will result in excellent predictions of maximum dry

unit weight of the total material for gradations containing either silt or

clay fines. The authors emphasize that this finding only applies to the mate-

rials tested for this study. Other materials may differ significantly on the

basis of plasticity of fines.

133. Figure 210 presents results of predictions of maximum dry unit

weight of the total materials using the data reported by Garga and Madureira

(1985). In this case, separate Density Interference Coefficient (based on the

minus No. 4 fractions) versus gravel content curves were used for each data

set by compactive effort. This was required because the very small shifts in

the data seen in Figure 204 with compactive effort were significant.

Figure 210 shows that, in general, the predictions of maximum dry unit weights

of the total materials fell within a two percent precision range of the actual

values.

134. It would not be a significant exercise to predict maximum dry unit

weights of the total materials using the data of Donaghe and Townsend (1975)

or USBR (1963) because only one set of gradations were used in those studies.

Therefore, a smooth Density Interference Coefficient versus gravel co. ent

curve could be precisely fitted through those respective data and exact repli-

cation of actual maximum dry unit weights of the total materials would result.

135. Figure 211 presents the results of predictions of maximum dry unit

weights for the total materials using the data reported by Gordon, Hammond and

Miller (1964). Again, the Density Interference Coefficient (based on the

minus No. 4 fractions) versus gravel content curve was fitted by eye to the

data of Figure 206 as indicated in the figure. The prediction method for

these data was complicated by the fact that fractions of the gravel components

of those materials had different bulk specific gravities (see Table 11) which

ranged from 2.67 for the smaller sizes up to 2.85 for the larger sizes.

Generic rather than exact gradations of the test specimens were provided so

that only crude weighted values of bulk specific gravity could be calculated

using the percentages by weight of each gravel size range in the generic gra-
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dations. Even though Figure 211 shows excellent results in prediction of

maximum dry unit weights of the total materials, the authors believe the

results would have been better if the bulk specific gravity had been available

for each tested gradation's gravel fraction taken as a whole.

136. Because the Density Interference Coefficients calculated for sev-

eral of the clayey gravels tested by several previous investigators appeared

to correspond with those obtained from this investigation, it was decided to

lump those data together as in Figure 212 and again predict the maximum dry

unit weights of the total materials. Figure 213 shows relatively good predic-

tions of maximum dry unit weights of the total materials using the Density

Interference Coefficient curve shown in Figure 212. It is to be noted that

the data of Gordon, Hammond and Miller which was also for a clayey gravel

compacted at standard effort, are not included in Figures 212 and 213. It was

found that their Density Interference Coefficients generally trended signifi-

cantly lower than all the other investigators. This is not a criticism of

their data but rather an indicator that, just as for fraction density factors,

it should not be presumed that there is one general Density Interference Coef-

ficient curve for all clayey gravels. In fact, if the data of Figure 213 are

examined closely, subtle differences in Density Interference Coefficients are

indicated for each data set by their groupings.

137. It is important to realize from the previously presented predic-

tions of maximum dry unit weight of the total material that the Density Inter-

ference Coefficient compensates for equipment size effects because its value

is dependent upon the value of the maximum dry unit weight of the fraction

which is itself dependent on the mold size in which it was determined. This

is to say that the Density Interference Coefficient must not only be consid-

ered as associated with a particular fraction, i.e., the minus No. 4 or minus

3/4-in., but also must be viewed as associated with the particular mold size

in which the maximum dry unit weight of that fraction was determined. It is

possible to illustrate the error resulting from mismatching the Inteference

Coefficient and the maximum dry unit weight of the fraction by taking the USBR

corrected Density Interference Coefficients of Figure 205 and using them with

the maximum dry unit weight determined in the 4-in. diam mold (uncorrected

data). It is recalled from review of the literature (see PART III) that the

USBR reported a difference in maximum dry unit weights for the minus No. 4

fraction between the 4-in. and 20-in. diam molds of 9.1 pcf (the larger mold
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giving the higher value). Figure 214 shows that use of the 4-in. mold maximum

dry unit weight for the minus No. 4 fraction with the corrected Density Inter-

ference Coefficients results in underprediction of the actual maximum dry unit

weights of the total materials. The magnitude of the underprediction varies

inversely with gravel content having a value of 6.4 pcf at a gravel content of

16.7 percent (minus 3/8-in. gradation) and a value of 8.0 pcf at a gravel con-

tent of 50 percent (minus 3-in. gradation). However, if USBR uncorrected

Density Interference Coefficients of Figure 205 are correctly paired with the

maximum dry unit weights of the fraction determined in the 4-in. diam mold,

the predicted maximum dry unit weights of the total materials match the actual

values as also shown in Figure 214.

Developing Density Interference
coefficients without large-scale
compaction tests on the total material

138. In practice, very few agencies, consultants or contractors have

the capability to perform compaction tests on total materials in large molds.

It was previously demonstrated that Density Interference Coefficients deter-

mined on fractions of the total material treated as total materials in their

own right fall on the same curve versus gravel content as the parent total

materials. The general shape of the Density Interference Coefficient versus

gravel content curve suggests that it might plot as a straight line in log-log

coordinates. Figure 215 presents the data of Figure 212 replotted in this

manner with the addition of the Gordon, Hammond and Miller data of Figure 206.

It is seen from Figure 215 that the data trends are linear for all investiga-

tors between 10 and about 45 percent gravel. Above about 45 percent gravel,

the data trends are no longer linear in the log-log space but seem to become

linear and parallel in cartesian coordinates as shown in Figure 216. The

apparent linearity between 10 and 45 percent gravel in log-log coordinates

offers the strong possibility that fractions of the total materials compacted

in smaller molds may be used to establish the Density Interference Coefficient

versus gravel content curve for gravel contents in the total materials up to

45 percent. The linearity in cartesian coordinates above about 45 percent

gravel is of little use unless a fraction conforming to available mold sizes

contains that much gravel. Establishment of the Density Interference Coeffi-

cients using fractions and small molds could be achieved as follows:
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a. Select representative total material gradations which span the
range encountered in the borrow source. As a precaution,
treat separate borrow sources separately.

b. Obtain representative samples of the minus 1-in. or minus
3/4-in. fractions and representative samples of the minus
No. 4 fractions.

C. Determine the gravel contents and bulk specific gravities of
the minus I-in. or minus 3/4-in. fractions.

d. In the 6-in. diam mold, perform compaction tests on the minus
1-in. or minus 3/4-in. fractions and on the minus No. 4 frac-
tions to determine the maximum dry unit weights for each.

1. Treating the minus 1-in. or minus 3/4-in. fractions as if they
were total materials,i.e., using their gravel contents, and
taking their bulk specific gravities, the computed dry unit
weight of the corresponding minus No. 4 fractions at the maxi-
mum dry unit weight of the total material (Equation (1)), and
the maximum dry unit weights of the corresponding minus No. 4
fractions, calculate the respective Density Interference Ccc:f-
ficients by Equation (10).

f. In log-log coordinates, plot the Density Interference
Coefficients versus the respective gravel contents of the
minus 1-in. or minus 3/4-in. fractions and carefully fit a
straight line through the data points from 10 percent up to
45 percent gravel. Do not presume the linear fit to be good
below 10 percent gravel. The data below 10 percent gravel
should not be linear and would have to be determined by test-
ing minus 1-in. or minus 3/4-in. fractions with gravel
contents less than 10 percent.

g. Convert and plot the log-log straight line to cartesian
coordinates at a scale permitting estimation of the Density
Interference Coefficient to the third decimal place.

h. The cartesian coordinate curve of Density Interference Coeffi-
ient versus gravel content should be acceptable for predicting
the maximum dry unit weight of the total materials from the
borrow source containing up to 45 percent gravel using Equa-
tion (9). If a minus 1-in. or minus 3/4-in. fraction happens
to contain 50 percent or more gravel, the linear higher gravel
content portion of the curve can be fitted through that data
using a slope of 0.0132. Join the two curve segments together
by drawing a smooth curve between 45 and 50 percent gravel.

It must be realized that the above procedure will not account for different

values of maximum dry unit weight of total materials which might be obtained

from the variety of large-scale compaction equipment which has been employed.

In other words, if the same laboratory tested the same total materials using

two differently configured pieces of large-scale compaction equipment, it

would not be surprising if different maximum dry unit weights were obtained.

This is not a question of precision of the test where all things are
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supposedly equal with respect to equipment and procedure. In the case of two

differently constructed pieces of equipment, the above procedure may yield two

different curves of Density Interference Coefficient but the proper curve

employed with the data from the corresponding equipment would still correctly

predict values obtained with that equipment. The authors are willing to ven-

ture the opinion that in the absence of a standard compaction test for soils

containing large particles, that the values predicted by the above procedure

would be as "good" as any obtained from some large-scale compaction test.

This is reinforced by the observation that Density Interference Coefficients

based on minus No. 4 fractions for minus 3/4-in. fractions tested in small

molds fall on the same curve with those for the total materials tested in the

large molds. Obviously, should the capability to perform large scale tests be

available, the Density Interference Coefficients should be calculated using

maximum dry unit weights of the total materials obtained in the appropriate

large mold. Also note that the authors suggest that the minus 1-in. fraction

may be used in the short-cut procedure described above in order to gain the

maximum gravel content in the fraction. The current edition of EM 1110-2-

1906, "Laboratory Soils Testing," does not allow the testing of a material

containing a maximum particle size of 1-in. in the 6-in. diam mold.

Optimum water content

139. In a manner somewhat analogous to the Density Interference Coeffi-

cient, IC, the optimum water contents of fractions and corresponding total

materials can be used to calculate a simple factor which tracks the influence

of gravel content as follows:

Woptf

V77 (12)Fop t  ---= at

where

Fp t - optimum water content factor

WPtf- optimum water content of the finer fraction, percent

Wptt - optimum water content of the total material, percent

P6 " decimal value of percent gravel in the total material

Figures 217 and 218 present the Optimum Water Content Factors, Fcpt based on

the minus No.4 and minus 3/4-in. fractions calculated for the uncorrected

compaction data plotted versus gravel content in the total materials.
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Tables 60 and 61, respectively, present the calculations. Only the

uncorrected factors are given in these two figures because the corrected

values are not significantly different. As was the case for the Density

Interference Coefficients, the Optimum Water Content Factors also yield a

smooth curve with gravel content. Also, both Figures 217 and 218 show that

the factors based on the minus No. 4 fraction and those based on the minus

3/4-in. fraction represent separate data sets. This is attributed to the sig-

nificant shift in the compaction parameters with addition of small quantities

of gravel to a minus No. 4 material as previously pointed out in discussion of

maximum permissible degrees of scalping. Figures 219 and 220 present the data

of Figures 217 and 218 plotted in log-log coordinates where it is seen that

the data tends toward linearity in that plot space although there are signifi-

cant deviations and the linear log-log fit is not of the quality seen in Fig-

ures 217 and 218 for the cartesian curvilinear fit. Figures 221 and 222

present the Optimum Water Content Factors calculated from the data reported by

the previously referenced investigators. Tables 62 and 63 contain the related

calculated values. These two figures confirm the smooth trend in the factor

with gravel content. Figure 223 presents these factors plotted in log-log

coordinates. In general, the linear log-log fittings to the data of the other

investigators is better than that seen for the WES data in Figures 219

and 220. It is also of interest that the slopes of the best-fit relationships

are very similar with the exception of the Garga and Madureira data. Garga

and Madureira did not directly determine the water contents of compacted

specimens of total material by oven drying because of the lack of large capac-

ity equipment. Instead, they calculated those water contents using Equa-

tion (2a) with the water content of the fraction and an assumed value of water

content of the gravel. The authors suspect that this practice may explain the

difference in slope of their data seen in Figure 223. Also, it is not readily

apparent in Figure 223, but it is important to note from the data of Donaghe

and Townsend that the Optimum Water Content Factor corresponding to their

total material containing 60 percent gravel shows a reversal of trend compared

to lower gravel contents. It may be true that just as for the Density Inter-

ference Coefficient, the Optimum Water Content Factor coefficient will deviate

from linearity in log-log coordinates at some higher gravel content.

Predicting the optimum water
content of the total material
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using Optimum Water Content Factors

140. Given the optimum water content of either the minus No. 4 or minus

3/4-in. fraction, the gravel content in the total material, and the corre-

sponding value of the Optimum Water Content Factor, FP t  , it is a simple

matter to predict the optimum water content of the total material using Equa-

tion (12). It is, of course, presupposed that the curve relating Optimum

Water Content Factor and gravel content in the total material has been devel-

oped and is used to pick off the appropriate value for the factor. Fig-

ures 224 and 225 provide the results of predictions of optimum water content

of the total materials using Optimum Water Content Factors based on the minus

No. 4 and minus 3/4-in. fractions, respectively. Results for data both cor-

rected and uncorrected for equipment size effects are given in these figures.

The Optimum Water Content Factors were picked off curves fit by eye to the

F.Pt versus gravel content in the total material data. It was found that

plotting of the data to a scale permitting estimation of F.Pt to the second

decimal place was sufficient. In like manner to the predictions for data

obtained in this investigation, Figure 226 presents predictions of optimum

water content for the various referenced previous investigators' materials

employing estimated-fit F0pt curves to the data of Figures 221 and 222. It

is to be noted that smooth curves could be fit precisely through each data

point derived from the USBR and Donaghe and Townsend of Figure 221. This

resulted in precise predictions of optimum water contents of their total

materials.

141. Figure 227 is intended to indicate the sensitivity of the predict-

ed value of optimum water content to variation in the Optimum Water Content

Factor, F.Pt * To accomplish this, a fixed value of 13 percent was used for

the optimum water content of the fraction. This value is approximately the

average value for the minus No.4 fractions containing clay fines tested in

this investigation. As was the case for the Density Interference Coefficient,

I, , (see Figure 207), Figure 227 shows that the sensitivity of the predicted

value of optimum water content with change in Optimum Water Content Factor,

Fopt , increases with increasing gravel content in the total material.
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Developing Optimum Water
Content Factors without large-scale
compaction tests on the total material

142. If one accepts the adequacy of the linearity of the Optimum Water

Content Factor versus gravel content of the total material curve in log-log

coordinates, a similar procedure to that described previously for obtaining

the Density Interference Coefficient curve without large-scale testing of the

total material can be employed. Again it is necessary that the minus 3/4-in.

fractions of the total materials span a sufficient range in their own gravel

contents. The reader is referred back to paragraph 111 for the fundamentals

of the procedure which are the same for the Optimum Water Content Factor. The

data presented herein indicates that assumption of linearity of the Fopt ver-

sus gravel content curve in log-log coordinates should probably not be taken

above a gravel content in the total material of about 50 percent as was the

case for the Density Interference Coefficient, I . As was previously pointed

out for the Density Interference Coefficient in paragraph 137, the Optimu

Water Content Factor also compensates for mold size effects for the same

reasons.

Summary comments

143. The authors have presented new methods for predicting the maximum

dry unit weight and optimum water content of a total material from tests

performed on a fraction for materials containing maximum particle size up to

4-in. (Gordon, Hammond and Miller (1964) tested this maximum size). Those

predictions are based on two new parameters termed the Density Interference

Coefficient and the Optimum Water Content Factor as previously defined. Their

relative numerical values are shown in Figures 228 and 229 for the materials

tested in this investigation. The authors are convinced that the data

obtained from this investigation and that from other cited investigators sup-

port the feasibility of the new methods as long as they are applied to

adequately defined families of compaction curves. This is only the same

requirement applicable to other methods in use. Since the techniques have

been judged on the basis of compaction curves which were established in a

conventional manner with absolutely no gerrymandering thereafter, it is rea-

sonable to believe that the results reported can be achieved by USACE division

and field laboratories. The values of maximum dry unit weight and optimum

water content are subjective judgments, i.e., a compaction curve must be

fitted by individual judgment to data points usually exhibiting some scatter,
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and several versions of large-scale compaction equipment/procedures have been

employed. Consequently, the authors suspect that the fitted curves of Density

Interference Coefficient, I , and Optimum Water Content Factor, Fopt  I versus

gravel content in the total material may yield estimates of maximum dry unit

weight and optimum water content of a total material as good as any other

approach. The proof of the pudding will lie in the application of the methods

in actual project situations including the treatment of materials with maximum

particle size in excess of 4-in.
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PART VIII: CONCLUSIONS AND RECOMMENDATIONS

Conclusions

Laboratory compaction of
soils containing large particles

144. The following conclusions are drawn relative to the development of

laboratory standard effort compaction test procedures for soils containing

large particles:

a. The standard effort compaction tests developed as an objective
of this investigation for a mechanical compactor wich 6-in.,
12-in. and 18-in. diam molds and a variety of hammer weights
was shown to satisfactorily reproduce the optimum water con-
tents and maximum dry unit weights of minus 3/4-in. fractions
as obtained in the 6-in. diameter mold (see Figures 100
through 103). By satisfactory replication it is meant that
the results fell within current ASTM precison standards of
1.9 percent of the average value of maximum dry unit weight
and 10 percent of the mean value of optimum water content.
While equipment size and/or procedural effects are not com-
pletely absent, the test procedure is concluded to be accept-
able for gravelly soils containing a maximum particle size up
to 3-in. The test procedure is given in Appendix A.

b. The standard effort compaction test referred to in a. above
satisfactorily reproduced in the 6-in. diameter mold the opti-
mum water contents and maximum dry unit weights of minus No. 4
sieve materials obtained in the 4-in. mold with the hand-held

rammer (see Figure 117).

c. The standard effort compaction test referred to in a. above
will not satisfactorily reproduce, according to current ASTM
precision standards, the optimum water content or maximum dry
unit weight of minus No. 4 materials in the 12-in. or 18-in.
diam molds as compared to those values obtained in the 4-in.
or 6-in. diam molds (see Figures 110-115 and Tables 28
and 29).

d. The precision associated with the standard effort compaction
test procedure referred to in a. above is not known.

Acceptable degree of scalping to
determine compaction parameters of a
gravelly soil directly from a fraction

145. EM 1110-2-1906 currently permits scalping of plus No. 4 material

as long as that total fraction constitutes less than 5 percent by weight of

the total gradation. Compaction tests are then performed on the scalped frac-

tion in the 4-in. diameter mold and the maximum dry unit weight and optimum

water content obtained are assumed to be equivalent to those of the total
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material. Similarly, scalping of up to 5 percent by weight of plus 3/4-in.

material is permitted for compaction tests in the 6-in. diam mold and up to

10 percent by weight of plus 2-in. material is permitted for tests in the

12-in. diam mold. This investigation indicates that there are no general

scalping pr ces such as those described above which can be routinely

trusted to yield acceptably accurate values of maximum dry unit weight and/or

optimum water content of a total material (see PART VI, paragraphs 72-78). In

the case of some gradations, the currently prescribed practice would prcvide

an acceptable value of maximum dry unit weight but not of optimum water con-

tent and vice versa. A loose interpretation of the general trends seen for

the data obtained herein suggests that 5 percent scalping may be exzessive for

any material containing less than 15 to 20 percent gravel for determination of

both maximum dry unit weight and optimum water content.

Prediction of maximum dry unit weight of
the total material using the maximum dry
unit weight of a fraction with Equation (3)

146. For the materials tested in this investigation, the following con-

clusions are drawn relative to the usefulneg of the modified approximate

Ziegler's equation, i.e., Equation (3' for predicting the maximum dry unit

weight of a total material ua:ng the maximum dry unit weight of a finer frac-

tion. Adequacy of predi-ted values are based on an approximate single-

operator precision of one percent or iieaa value. Precision of actual values

(total material test results) generally thwarted gradation-by-gradation expla-

nation of trends in predicted values. The conclusions apply to materials with

either silt or clay fines unless otherwise stated.

a. When the data are corrected for equipment size effects, i.e..
when the maximum dry unit weight of the finer fraction is
obtained in the same mold as for the total material, there are
no significant differences in accuracy of predicted values of
maximum dry unit weight of the total material attributable to
plasticity of fines (see Part VI, paragraph 96-98). This is
true whether the finer fraction was taken as the minus No. 4
or the minus 3/4-in. fraction.

b. When the data are corrected for equipment size effects, the
predicted values of maximum dry unit weight of the total ma-e-
rial based on that of the minus No. 4 fraction may be acce:
ably accurate up to gravel contents in the total material
between of 45 percent depending on gradation. However,
unacceptably inaccurate predictions occurred for materials
containing as little as 20 percent gravel. The average
results for all gradations indicate a maximum gravel content
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in the total material of about 35 percent may be usually
acceptable for use with Equation (3) [see PART VI,
paragraphs 96-98].

c. When the data are corrected for equipment size effects, the
predicted values of maximum dry unit weight of the total mate-
rial based on that of the minus 3/4-in. f,ction are accept-
ably accurate up to gravel content in the total material of 45
to 55 percent depending on the gradation (see Part VI,
paragraphs 96-98).

d. When the data are not corrected for equipment size effects as
has been -onventional practice, plasticity of fines results in
significant effects on the accuracy of predicted values of
maximum dry unit weight of the total material based on that of
the minus No. 4 fraction (see Part VI, paragraph 101).

e. When the data are not corrected for equipment size effects,
predictions of the maximum dry unit weight of the total mate-
rial from that of the minus No. 4 fraction are unacceptably
inaccurate at both ends of the gravel content spectrum rega,.d-
less of the plasticity of fines (see Part VI, paragraph 101).

f. When the data are not corrected for equipment size effects,
the finer fraction is taken as the minus No. 4 material and
the minus No. 200 material is silt (ML), Equation (3) signifi-
cantly under-predicts the maximum dry unit weight of the total
material at a gravel content as low as about 35 percent
depending on gradation. Predictions may be satisfactory up to
gravel content of 50 percent for some gradations. Equa-
tion (3) significantly over-predicts the maximum dry unit
weight of the total material for some gradations containing
anywhere from 10 to 40 percent gravel. See Part VI, para-
graph 101, for this discussion and reference to appropriate
figures.

g. When the data are not corrected for equipment size effects,
the finer fraction is taken as the minus No. 4 material and
the minus No. 200 material is clay (CH), Equation (3) signifi-
cantly under-predicts the maximum dry unit weight of the total
material at a gravel content as low as about 25 percent
depending on gradation. Predictions may be satisfactory up to
gravel content of about 55 percent for some gradations. Equa-
tion (3) significantly over-predicts the maximum dry unit
weight of the total material for some gradations containing
anywhere from 10 to 40 percent gravel. See Part VI,
paragraph 101.

h. When the data are not corrected for equipment size effects,
the finer fraction is taken as the minus 3/4-in. material and
the minus No. 200 material is silt (ML), Equation (3) satis-
factorily predicts the maximum dry unit weight of the total
material containing up to between 40 and 60 percent gravel
depending on the gradation (see Part VI, paragraph 101).

i. When the data are not corrected for equipment size effects,
the finer fraction is taken as the minus 3/4-in. material and
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the minus No. 200 material is clay (CH), Equation (3) satis-
factorily predicts the maximum dry unit weight of the total
material up to 50 or 60 percent gravel in those parent total
gradation depending on the gradation. However, Equation (3)
also significantly over-predicts the maximum dry unit weight
of some of the total materials with gravel contents ranging
from 10 to about 55 percent. See Part VI, paragraph 101.

.j. Equipment size effects, if unaccounted for, may negate the use

of Equation (3) with maximum dry unit weights of either the

minus No. 4 or minus 3/4-in. fraction obtained in the 6-in.
diam compaction mold to predict the maximum dry unit weight of

the total material. See Part VI, paragraph 101.

Prediction of optimum water content of
the total material using optimum water
content of a fraction with Equation (4)

147. For the materials tested in this investigation, the following con-

clusions are drawn relative to the usefulness of Equation (4) for predicting

optimum water content of a total material from optimum water content of a

finer fraction and the water content of the coarser gravel fraction. Adequacy

of predicted values is based on an approximate single-operator precision of

five percent of mean value and only applies to the range of gravel contents

tested of 10 to 64 percent. Precision of actual values (total material test

results) generally thwarted a gradation-by-gradation explanation of trends in

predicted values. Reference to data corrected for equipment size effects

means that the finer fraction was compacted in the same size mold as the total

material using the same procedures. Reference to data not corrected for

equipment size effects means that the finer fraction was compacted in the

6-in. diam mold while the total material was compacted in either the 12- or

18-in. diam mold. The reader is referred to PART VI, paragraphs 100 and 102

for discussion and figures supporting the following conclusions.

a. The water content of the coarser gravel fraction of only
0.6 percent used in Equation (4) for prediction purposes
herein in itself represents a significant contribution to the

predicted value of optimum water content of the total material
across the range of coarse fraction conLents wh-n compared to

five percent precision limits. Therefore, the assumption of
the absorption (saturated-surface-dry water content) as the
water content of the gravel as suggested in EM 1110-1906,

Appendix B, may be a poor practice. Some effort should be
expended in determining the appropriate value.

b. Whether the data is or is not corrected for equipment size

effects and whether the finer fraction is taken as the minus

No. 4 or minus 3/4-in., there exists a rough correspondence in

trends between predictions of maximum dry unit weight of the
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total material using Equation (3) and optimum water content
using Equation (4). At lower gravel contents for which Equa-
tion (3) tends to under-predict the maximum dry unit weight,
Equation (4) tends to yield predicted optimum water contents
which are wet of the actual value. Conversely, at higher
gravel contents for which Equation (3) tends to over-predict
maximum dry unit weight, Equation (4) tends to predict optimum
water contents which are dry of the actual value.

C. When the data are corrected for equipment size effects and the
minus No. 4 fraction is taken as the finer fraction, no dif-
ference between predicted value and actual value exceeds +/-
one percentage point up to a gravel content of about
50 percent whether the minus No. 200 material is silt or clay.
When the finer fraction is taken as the minus 3/4-in. mate-
rial, no difference exceeds one percentage point up to the
maximum gravel content tested of 64 percent. However, one
percentage point is approximately three times the precision
range of five percent of the mean value.

d. When the data are corrected for equipment size effects and the
minus No. 4 fraction is taken as the finer fraction, the trend
in predicted values of optimum water content of the total
material containing clay fines under-predicts the actual value
at lower gravel contents and over-predicts at higher gravel
contents. Predicted values for some gradations containing
from 10 to about 40 percent gravel were too high (wet) and
predicted values for some gradations containing more than
30 percent gravel were too low (dry). Predicted values fell
within +/- five percent precision for some gradations contain-
ing between 15 and 60 percent gravel.

e. When the data are corrected for equipment size effects and the
minus No. 4 fraction is taken as the finer fraction, Equa-
tion (4) generally under-predicted values of optimum water
content of the total material containing silt fines. The
majority of all predicted values fall below the minus five
percent precision limit. The estimated band width of the data
scatter indicates that some gradations with gravel contents
between 10 and 50 percent fall within the five percent preci-
sion limits.

f. When the data are corrected for equipment size effects and the
minus 3/4-in. fraction is taken as the finer fraction,
plasticity of the minus No. 200 material has little influence
on the trend of predicted values of optimum water content of
the total material. As is the case for predictions based on
the minus No. 4 fraction, the data trends from over-prediction
at lower gravel content in the parent total gradation to
under-prediction at higher gravel content in the parent total
gradation. The majority of the predicted values fall outside
the +/- five percent precision limits. The band widths
inferred from the discrete data indicate that predicted values
for some gradations containing 10 to about 50 percent gravel
are too high while predicted values for some gradations con-
taining about 45 to 64 percent gravel are too low. Other

123



gradations containing anywhere from 10 percent to 64 percent
may result in predicted values within the specified precision
range.

g. When the data are not corrected for equipment size effects,
the minus No. 4 fraction is taken as the finer fraction and
the minus No. 200 material is clay, predicted values of opti-
mum water content of the total material trend from significant
over-prediction at lower gravel content to significant under-
prediction at higher gravel content. Over-prediction of
actual values is as much as two percentage points at the
lowest gravel content tested and under-prediction approaches
1.5 percentage points at the highest gravel content tested.
Based on the estimated band width encompassing all data, pre-
dicted optimum water content may fall above the plus five
percent precision limit for some gradations with gravel con-
tents of about 20 to about 50 percent. Predicted values may
fall within the +/- five percent limits for some gradations
with gravel contents anywhere from about 20 percent to
64 percent. Predicted values may fall below minus five percent
precision for some gradations containing 35 to 64 percent
gravel.

h. When the data are not corrected for equipment size effects,
the minus No. 4 fraction is taken as the finer fraction and
the minus No. 200 material is silt, the trend in predicted
values of optimum water content of the total material is from
slightly higher than actual values to about one percentage
point lower than actual values over the range of gravel con-
tent. Predictions fall below the minus five percent precision
limit for some gradations having gravel contents throughout
the tested range of 10 to 64 percent. Predictions fall withinL
the +/- five percent precision range for other gradations also
containing from 10 to about 55 percent gravel. No predicted
values fall above the plus 5 percent precision limit.

i. When data are not corrected for equipment size effects and the
minus 3/4-in. fraction is taken as the finer fraction,
plasticity of fines does not significantly effect the trends
in predicted values of optimum water content. The predicted
values range from as much as about one percentage point above
the actual value at the lower end of the gravel content spec-
trum to about one percentage below the actual value at the
upper end. Predicted values for some total gradations con-
taining from 20 to about 60 percent gravel are above the plus
five percent prediction limit, those for some gradations
cuntaining 20 to 64 percent gravel fall within the +/- five
percent precision limits and those for some gradations con-
taining about 45 to 64 percent gravel are below the minus five
percent precision limit.

j.. The trends in deviations of predicted values of optimum water
content from actual values are sufficiently small and consis-
tent for both corrected and uncorrected data that average cor-
rections to predicted values based on gravel content can
probably be developed for the range of materials obtained from
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a given borrow source. This would probably not guarantee con-
formance to five percent precision limits but would likely
meet a 10 percent single-operator precision standard.

Prediction of maximum dry unit
weight of the total material from
that of a fraction using Eguation (5)

148. The following conclusions are drawn relative to the use of Frac-

tion Density Factors in USBR and AASHTO Equation (5) and the NAVFAC Equa-

tion (6) tc predict the maximum dry unit weight of the total material.

Part VI, paragraphs 103-108 provide discussion and reference figures in

support of the following conclusions.

a. The curve(s) relating Fraction Density Factor, r, to gravel
content in the total material must be established for each
material. Use of single curves or narrow ranges in curves
recommended by the USBR and AASHTO as general relationships
applicable to all gravelly materials may result in very large
errors in predicted values of maximum dry unit weight of the
total material obtained from Equation (3). The magnitude of
potential error increases with decreasing gravel content.

b. The NAVFAC Equation (6) is equivalent to a single Factor
Density Factor versus gravel content curve. Conclusion a.
above also applies to this method.

Trends in dry unit weight and water con-
tent of a finer fraction when the total
material is at maximum dry unit weight

149. As the gravel content of a total material is changed and that

material is compacted to its standard effort maximum dry unit weight and opti-

mum water content, the corresponding dry unit weight and water content of a

finer fraction also change. The following conclusions relate to those changes

in water content and dry unit weight of the minus No. 4 and minus 3/4-in.

fractions as determined from tests performed on the total material and the

fraction in the same size mold (unless otherwise stated). PART VII, para-

graphs 119-123, provide discussion and reference figures in support of the

following conclusions.

a. The presence of gravel alters the efficiency of the applied
compactive effort in the densification of the minus No. 4
fraction. At lower gravel contents the fraction may be
brought to an average dry unit weight which exceeds its
standard effort value for its water content. As gravel con-
tent increases, the average dry unit weight of the f-action
decreases until it becomes less than its standard effort value
for its water content. Both of these effects have been termed
"gravel interference" herein. Furthermore, over the range in
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lower gravel content for which the fraction is densified in
excess of its standard effort value, the interference is
termed "positive". Conversely, over the range in higher
gravel content for which the fraction does not reach its stan-
dard effort dry unit weight for its water content, the inter-
ference is termed "negative". The gravel content at which the
interference transitions from "positive" to "negative" is a
function of gradation and plasticity of fines.

b. Conclusion a. above also applies to the addition of oversize
gravel to the minus 3/4-in. fraction. In this case the
percent oversize at which the interference transitions from
"positive" to "negative" is also a function of gradation and
plasticity of fines.

C. When the total material is at its maximum dry unit weight, the
percent compaction of the minus No.4 or minus 3/4-in.
fraction, i.e., the ratio of its average dry unit weight to
its own maximum dry unit weight, trends from slightly in
excess of 100 percent at lower gravel contents to less than
100 percent at higher gravel contents. For the materials
tested in this investigation, plasticity of fines did not
significantly affect the percent compaction of the fractions.
When the maximum dry unit weight of the fraction is that
obtained in the 6-in. diam mold, the trends in percent compac-
tion are not significantly affected.

d. When the total material is at its optimum water content, the
water content of the minus No. 4 fraction transitions from the
dry side of its optimum water content at low gravel content to
the wet side at higher gravel content. The crossover point
from dry side to wet side is a function of gradation and plas-
ticity of fines.

e. Conclusion d. above also applies to the water content of the
minus 3/4-in. fraction when additional gravel (oversize) is
added.

Prediction of the maximum dry unit
weight of the total material using
Density Interference Coefficients

150. The following conclusions apply to the concept of the Density

Interference Coefficient and to its usefulness in predicting the maximum dry

unit weight of a total material employing the percent compaction of either the

minus No. 4 or minus 3/4-in. fraction. Part VII, paragraphs 128-138 provide

discussion and reference figures in support of the following conclusions.

a. Given the maximum dry unit weight of a total material, Ytax,
Equation (1) can be used to determine the corresponding dry
unit weight,yf , of either the minus No.4 or minus 3/4-in.
fraction. The dry unit weight of the fraction, yf , the maxi-
mum dry unit weight of the fraction, Yfmax , the decimal
equivalent of percent gravel in the total material,P *and
the bulk specific gravity of the gravel,G , can be employed
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to calculate the Density Interference Coefficient, I. , as
follows:

Yf
Ic Yfmax

where

yf - dry unit weight of the fraction when the total

material is at its maximum dry unit weight, pcf

yfm - maximum dry unit weight of the fraction, pcf

Ps - percent gravel in the total material as a decimal

Gm - bulk specific gravity of the gravel

For a family of related gradations of gravelly soils, i.e.,
gradations which may exhibit variable maximum particle size
but are otherwise composed of essentially identical gravel,
sand and minus No. 200 sieve components mixed in different
proportions, the values of Density Interference Coefficient,
Ic , for each of the gradations will define a single curve
when plotted versus corresponding gravel contents of the total
materials. There is some indication that this ir also true if
the bulk specific gravity of the gravel fraction is a variable
while the sand and minus No. 200 sieve components remain
related.

b. If the Density Interference Coefficient is plotted against
corresponding gravel content in the total material in log-log
coordinates, the relationship is linear up to a gravel content
of about 50 percent. In the range of 50 to 70 percent gravel
content, the relationship becomes curvilinear in log-log space
but is linear in cartesian coordinates at an average slope
determined from several materials to be -0.013. The linearity
of the curve in log-log space below 50 percent gravel and the
apparently consistent slope in cartesian space between 50 and
70 percent gravel permit the establishment of the curve by
abbreviated testing programs. If the minus 3/4-in. fractions
of the family of total material gradation curves span a suffi-
cient range in gravel content, those fractions can be treated
as total gradations in determination of Density Interference
Coefficients based on the minus No.4 fractions, i.e., yf and
yfmax are for minus No.4 fraction. This would allow estab-
lishment of the log-log linear portion of the Density
Interference Coefficient versus gravel content curve with com-
paction tests performed in the 6-in. diam mold. It may be
possible to perform the compaction tests on the minus No. 4
fractions in the 4-in. diam mold but that practice has not
been proven.
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c. Given the percent gravel in the total material, the bulk spe-
cific gravity of the gravel, and the maximum dry unit weight
of the fraction, Yfax , the value of Density Interference
Coefficient picked off the curve of Density Interference Coef-
ficient versus gravel content in the total material can be
used to calculate the dry unit weight, y. , of the fraction in
the total material when it is at its maximum dry unit weight,
Ytax , using the defining equation (see a. above) for Density
Interference Coefficient. The dry unit weight, yf , of the
fraction thus obtained can then be entered into Equation (I)
to calculate the maximum dry unit weight of the total
material, Y.ax

d. The value of the maximum dry unit weight of the total
material, y.. , obtained by the procedure described in c.
above is very sensitive to small differences in value of
Density Interference Coefficient after the fashion previously
described for the Fraction Density Factor, r. It has bpen
shown that this sensitivity does not negate the procedure
stated in c. above when the Density Interference Coefficient
versus gravel content curve is fitted to the data by eye.
However, Density Interference Coefficient versus gravel con-
tent data should be plotted to a scale so as to permit estima-
tion of values of Density Interference Coefficient picked off

the fitted curve to the nearest 0.001.

Prediction of the optimum water
content of the total material
using Optimum Water Content Factors

151. The following conclusions apply to the concept of the Optimum

Water Content Factor and to its usefulness in predicting the optimum water

content of a total material from that of either the minus No. 4 or minus

3/4-in. fraction. Part VII, paragraphs 139-142, provide discussion and

reference figures in support of the following conclusions.

a. Given the optimum water content of either the minus No. 4 or
minus 3/4-in. fraction, W optf , the optimum water content of
the total material, Wptt , and the decimal equivalent of per-
cent gravel in the total material,P8 , the Optimum Water Con-
tent Factor, F0 Pt , can be calculated as:

Woptf

F-opt = oPtt

For a family of related gradations of gravelly soils, the val-
ues of the Optimum Water Content Factor, F0,t  , for each of
the gradations will define a single curve when plotted versus
corresponding gravel contents of the total materials.
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b. If the Optimum Water Content Factor is plotted against corre-
sponding gravel content in the total material in log-log
coordinates, the relationship tends to be linear up to gravel
contents which may be as high as 70 percent. However, some
materials will apparently not yield linearity above about
50 percent gravel content and this limit should be taken as a
presumed maximum unless test data are available proving other-
wise. If the minus 3/4-in. fractions of the family of total
material gradation curves span a sufficient range in gravel
content, those fractions can be treated as total materials in
determination of the Optimum Water Content Factors based on
the minus No. 4 fractions, i.e., wopf and Woptt are for the
minus No. 4 fraction. This would allow establishment of the
log-log linear portion of the Optimum Water Content Factor
versus gravel content curve with compaction tests performed in

the 6-in. diam mold. It may be possible to use the 4-in. diam
mold for compaction tests on the minus No. 4 fraction but that
practice has not been proven.

C. Given the percent gravel in the total material and the optimum
water content of the fraction, the Optimum Water Content
Factor picked off the curve of optimum water content factor
versus gravel content in the total material can be used to
calculate the optimum water content of the total material
using the defining equation (see a. above) for Optimum Water
Content Factor.

d. The value of optimum water content of the total material
obtained by the procedure described in c. above is sensitive
to small differences in value of Optimum Water Content Factor.
It has been shown that this sensitivity does not negate the
procedure stated in c. above when the Optimum Water Content
Factor versus gravel content in the total material curve is
fitted by eye to the data. However, the Optimum Water Content
Factor versus gravel content data should be plotted to a scale
permitting estimation of the values of the factor picked off

the fitted curve to the nearest 0.01.

Recommendations

152. The following recommendations are made:

a. The laboratory compaction test for earth-rock mixtures

developed as part of this investigation and stated in
Appendix A, should be incorporated into EM 1110-2-1906,
"Laboratory Soils Testing" as a replacement for the current
hand-held rammer test procedure employing the 12-in. diam mold
(Appendix VIA).

b. The scalping with replacement procedure currently allowed in

EM 1110-2-1906 should be abandoned.

c. The current scalping allowances of EM 1110-2-1906 should be

critically reconsidered in light of the findings of this
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investigation. The alternative to those allowances is their
abandonment, i.e., the forbiddance of any scalping.

d. The use of Density Interference Coefficients in the prediction
of maximum dry unit weight of total materials from tests per-
formed on either the minus No. 4 or minus 3/4-in. fraction
should be assessed by application in actual project cases. If
the technique proves as reliable as has been indicated in this
report, EM 1110-2-1911 "Construction Control of Earth and
Rockfill Dams," should be revised to cite the method in lieu
of the use of Equation (3) as is currently recommended in
Appendix B of that Engineer Manual.

e. The use of Optimum Water Content Factors in the prediction of
optimum water content of total materials from tests performed
on either the minus No.4 or minus 3/4-in. fraction should be
assessed by application in actual project cases. If the tech-
nique proves as reliable as has been indicated in this report,
EM 1110-2-1911, should be revised to cite the method in lieu
of the use of Equation (4) as is currently recommended in
Appendix B of that Engineer Manual.
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Table I

ASTM Designations D 698-78 and D 1557-78 Precision Standards

Acceptable Range of
Two Results, Expressed

Standard as Percent of Mean

Deviation Value

Single-operator precision:

Maximum dry unit weight --- 1.9

Optimum water content --- 9.5

Multi-laboratory precision:
Maximum dry unit weight ± 1.66 pcf 4.0

Optimum water content ± 0.86 percentage 15.0
points
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Table 2

Results of Umpire Tests on Standard Soil Samples

ML SOIL CL SOIL CH SOIL

Type of test Average* Range** Average* Range** Average* Range**

LL, percent 28 27-30 35 32-37 59 54-64

PL, perent 24 22-26 23 22-25 24 22-27

Plasticity Indext 5 3-6 12 9-14 35 31-39

Moisture-Density

Standard Effort:

Optimum Water 16.8 15.9-17.3 16.4 15.6-17.3 21.7 21.2-22.5
Content, percent

Maximum Dry 106.0 104.8-107.0 109.5 108.7-110.5 98.6 97.5-100.2
Density, pcf

Moisture-Density

Modified Effort:

Optimum Water 14.3 14.0-14.8 13.5 12.8-14.2 15.1 14.3-16.0
Content, percent

Maximum Dry 111.8 111.3-112.7 117.7 116.5-118.1 114.0 112.5-115.9

Density, pcf

Specific Gravity: 2.72 2.70-2.74 2.70 2.68-2.73 2.70 2.67-2.72

Grain Size, percent finer than:

.074 mm 97 95-98 99 96-100 97 96-99

.040 mm, 84 80-88 89 83-93 90 84-95

.015 mm 40 30-50 51 39-60 75 69-80

.005 mm 15 12-18 26 23-29 55 5C-60

.002 mm 12 9-14 21 18-24 44 38-49

* Average of all individual tests

** Represents minimum and maximum values of actual test results.

t Ranges are computed from the test values for liquid and plastic limit.
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Table 3

Statistical Analysis of ML Soil Considering All Commercial

Laboratory Results

NO. OF
LABORATORIES AVERAGE VALUE STANDARD

TYPE OF TEST CONDUCTING TESTS DETERMINED DEVIATION

LL 96 27.0 percent 1.7

PL 85 23.6 percent 2.4

PI 80 3.8 2.1

Standard density test:

Moisture content 98 16.3 percent 1.3

Density 98 105.9 pcf 1.9

Modified density test:

Moisture content 97 13.8 percent 0.92

Density 97 112.5 pcf 2.09

Specific gravity 65 2.69 0.054

Grain Size, percent finer than:

0.076 mm 71 94.9 percent 6.9

0.040 mm 67 79.4 percent 12.5

0.015 mm 66 30.2 percent 6.7

0.005 mm 68 11.3 percent 3.5

0.002 mm 62 8.6 percent 3.2
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Table 4

Statistical Analysis of CL Soil Considering All Commercial

Laboratory Results

NO. OF

LABORATORIES AVERAGE VALUE STANDARD

TYPE OF TEST CONDUCTING TESTS DETERMINED DEVIATION

LL 99 32.7 percent 2.3

PL 99 22.4 percent 2.8

PI 99 10.4 3.6

Standard density test:

Moisture content 97 15.9 percent 1.1

Density 97 109.7 pcf 2.4

Modified density test:

Moisture content 99 13.1 percent 0.82

Density 99 115.8 pcf 14.2

Specific gravity 65 2.66 0.060

Grain Size, percent finer than:

0.076 mm 71 97.9 percent 2.4

0.040 mm 67 84.0 percent 11.0

0.015 mm 66 43.9 percent 10.6

0.005 mm 68 21.9 percent 6.5

0.002 mm 62 17.9 percent 4.7
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Table 5

Statistical Analysis of CH Soil Considering All Commercial

Laboratory Results

NO. OF
LABORATORIES AVERAGE VALUE STANDARD

TYPE OF TEST CONDUCTING TESTS DETERMINED DEVIATION

LL 99 54.3 percent 5.4

PL 99 22.2 percent 3.4

PI 99 32.0 percent 5.-

Standard density test:

Moisture content 98 20.6 percent 2.7

Density 98 99.6 pcf 2.5

Modified density test:

Moisture content 97 15.2 percent 1.9

Density 97 113.3 pcf 2.8

Specific gravity 65 2.63 0.115

Grain Size, percent finer than:

0.076 mm 71 95.6 percent 6.8

0.040 mm 68 84.2 percent 11.2

0.015 mm 65 68.6 percent 8.8

0.005 mm 67 47.6 percent 9.1

0.002 mm 62 38.5 percent 7.4
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Table 6

Precision Limits for ACIL Study Results

MAXIMUM DRY UNIT WEIGHT

DIFFERENCE PERCENT OF
SOIL MEAN VALUE STANDARD DEVIATION 2a LIMIT MEAN VALUE

ML 105.9 pcf 1.9 pcf 5.3 pcf 5.0

CL 109.7 pcf 2.4 pcf 6.6 pcf 6.0

CH 99.6 pcf 2.5 pcf 6.9 pcf 6.9

OPTIMUM WATER CONTENT

ML 16.3 percent 1.3* 3.6* 22.1

CL 15.9 percent l.i* 3.0* 18.9

CH 20.6 percent 2.7* 7.5* 36.4

Percentage points

139



Table 7

Precision Limits for CE Division Lab Results on ACIL Standard Soils

MAXIMUM DRY UNIT WEIGHT

DIFFERENCE PERCENT OF

SOIL MEAN VALUE STANDARD DEVIATION 2a LIMIT MEAN VALUE

ML 105.7 pcf 0.8 pcf 2.2 pcf 2.1

CL 109.2 pcf 1.1 pcf 3.0 pcf 2.7

CH 97.9 pcf 1.4 pcf 3.9 pcf 4.0

OPTIMUM WATER CONTENT

ML 17.3 percent 0.6" 1.7* 9.8

CL 16.6 percent 0.8* 2.2" 13.2

CH 22.4 percent 1,83 5.0* 22.3

* Percentage points
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Table 8

Estimated Precision Limits for ACIL Umpire Lab Results

ESTIMATED* DIFFERENCE PERCENT OF
SOIL MEAN VALUE STANDARD DEVIATION 2a LIMIT MEAN VALUE

MAXIMUM DRY UNIT WEIGHT

ML 106.0 pcf 0.55 pcf 1.5 pcf 1.4

CL 109.5 pcf 0.45 pcf 1.2 pcf 1.1

CH 98.6 pcf 0.68 pcf 1.9 pcf 1.9

OPTIMUM WATER CONTENT

ML 16.8 percent 0.35-"  1. 0* 6.0

CL 16.4 percent 0.48** 1.3** 7.9

CH 21.7 percent 0.32* 0.9** 4.1

* Standard deviations estimated by taking range of the data to be 4a

** Percentage points
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Table 9

British Road Research Laboratory (RRL) Study

MULTI-LABORATORY

Standard Difference Two-Sigma Percent of

Soil Mean Deviation Precision Limit Mean Value

MAXIMUM DRY UNIT WEIGHT

Clayey Sand, CL 111.7 pcf 1.8 pcf 5.0 pcf 4.5

Gault Clay, CH 99.8 pcf 2.0 pcf 5.5 pcf 5.5

Weald Clay, CH 103.6 pcf 2.1 pcf 5.8 pcf 5.6

OPTIMUM WATER CONTENT

Clayey Sand, CL 15.0 percent 1.0 2.8* 18.7

Gault Clay, CH 21.0 percent 2.0" 5.5* 26.2

Weald Clay, CH 19.0 percent 3.3* 9.1* 47.9

MULTI-OPERATOR**

MAXIMUM DRY UNIT WEIGHT

Sandy Clay, CL 112.9 pcf 1.4 pcf 3.9 pcf 3.4

Gault Clay, CH 102.3 pcf 1.3 pcf 3.6 pcf 3.5

Weald Clay, CH 106.1 pcf 1.7 pcf 4.7 pcf 4.4

OPTIMUM WATER CONTENT

Sandy Clay, CL 16.0 percent 0.8' 2.2* 13.8

Gault Clay, CH 22.0 percent 1.2" 3.3" 15.0

Weald Clay, CH 20.0 percent 1.4* 3.9* 19.5

(Continued)
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Table 9(Concluded)

SINGLE-OPERATOR""

Standard Difference Two-Sigma Percent of

Soil Mean Deviation Precision Limit Mean Value

MAXIMUM DRY UNIT WEIGHT

Gault Clay, CH 101.7 pcf 0.8 pcf 2.2 pcf 2.2

OPTIMUM WATER CONTENT

Gault Clay, CH 22.0 percent 0.2* 0.6* 2.7

* Percentage points

** Multi-operator case are results obtained by 8 operators within RRL
*** Single-operator case represents 8 tests ':: one operator within RRL
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Table 10

Summary of test data; Gordon, Hamond and MIiller, 196A

L a b o r a \l ' l., d i M a x im u m Pl i n u - k t t e b r ,; L rnt m
_MI (radin" Date Te~ted Prtitle PNuieN Ii onnent,S a m p l e N G 4 r oU p .z, . 4a" ; ; ,-" n(ra,ii.Pl4%t ,, tA,..1 lb itL

Index. ' [rn~,

1-404:3 D 10 20-61 N,. 4 0 2.-4 1 35 1l2f f, 12 .2
10-31) 61 34 35 1.5 9 '1 1
10 30-61 11 50 14'ti 7 7
10-17-61 4 fl2144 : 1 7

1 4044 B3 10-21-61 Nil. 4 04 2.S5 1S s . 124 3 13.0
10- 21-61 34 24 130 1 11 3
10-21-61 1 34 133.4 9 4
10-17-61 4 43 133. S 9.5

1-4045.. .1 10-21-61 No. 4 0 2. ',3 I 2 122 ) 13 3
10-21-61 34 is 12 1 11 7
10-21-61 11, 26 131 0 10.6
I0-1I.-61 4 35 131 6 N 3

1-4046.... B 10-20-61 No. 4 0 2.S5 12 .14) 123. 0 13.2
10-30-61 34 21 192.9 11 . 1
10-30-61 1n2 32 134 4 9.6
10-15s-61 4 42 132.3 9 ,

1-4047 1 10-20-61 No. 4 ( 2. s4 12 . 1 15
,
7 1.5 0

10-27-61 ;4  25 12s 1 12.0
10-24-61 1, :3P 1:3 40 I0. 1
10-26-61 4 50 1.14 3 4 f;

1.4047A (' 11-2-61 No 4 0 2.:1 1 ;4 Ili 4 1-1 . ;
11-I-61 4  25 12, 7 11..3
11.1 6 4
11-3-61 4 50 1.12 s 9

1-404,S D 10-20-61 N.o. 4 0 2.s5 15 :42 12', 0 11 5
10-27-61 34 30 13.5 0 4.o
10-27-61 I. 44 4.19 s 7
10-15-61 4 5S 141 1 4)

1-46,7' 11-14-61 No. 4 0 2.s4 16 3.4 2G.) 12 2
3-3-62 3 40 13.6 0 (
3-:3-62 3 50 140. 1 7 5
3-3-62 3 60 142 6 7 0
3-9-62 3 50 144.4 4G."

2-,!0" 4-5-62 No 4 0 2. s0 10 .1,2 1%
,  14 9

4-6-62 3 40 135 2 '1 1
4-7-62 :1 50 1 is 4 N,

• t-6-6*2 3 fill 144 4 7 7
4 -27-62 :1 50 1440 70 4

Th.ec %ere \nthetij, vornl.,,ite. lrelare1 h% adding to the -. il fr.,, t,, X,;,u: Ie[Ce tage- ,f
ro, k to repre-ent the grading group ,eire,,

For comal, tive effort of 56,250 ft-lb ft.
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Table 11

-Kcific Gravity and Absor!ption Values for the lndicate'd

Pck Fraction (After Gordon, Hamnond and Miller, 19h )

N,....verage- and -tarrLard deviztm are ha .I ,)ui t welve te-t-

A% erage pcc nc (;rit , )tandard I )vi n.

Matrerial Sizc

(N en Jry) ,urf.ce I)r' "AjjParc nr (r) ) ,n acre D.

Pi- N ) I to 1mimt- :1, ill . 2. 67 2 76 2.92 3 2 (1.1)7 .)

t'i- 4 tri rn Ir, :4- Il 2.72 2 7o) 2.!11 2 4 0 444 4 4
I'tr] 14 ii. t!hrrris !, ii. . 2. 7o 2 ',2 2.91 1. 6 1) 1)45 0 4

3'lrr l .tl ,it. ; in 2. ")2 ,5 "2 90 .4 5 4.( t6) 4

['hl- 3 ri. t. rrrmirm 4 in. .m45 2 ,7 2 92 44 * 0. 14) 44 4

* Bulk Specific Gravity
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Table 12

Compaction Testinog Eauinment

(After Cordon, Hammond Lind Miller.,95

uwed fit te~tinig prirarn No. 4 N'). 4, Ill. No,4. ti I ill 4ii

V luin11e. Wt 0). 05 0).075 0) 20) 04 21)11

Height. ill to o-45 4 5t" 6,.~44 1,9) 10 .34 15 '211
D~iamneter. too. 4 '244 .54 -O4 9S4 S. 03944

11 AM %I E R

.4'A

W~eight, II) 10) 10 10 3io 33:15 127.5 33. 5
I-ree drop, fit. l, 1 IS is is Is I HI-
l:.iue diameter, fii. 2.400 2 00 2.0)0 3.914 2.94 .5 94 2 1.4

Face area, in-' 3. 14 :3.14 :3. 14 12. 1942 i. 777 1' 371, t, 7

LAYERS

N umb)er, total 5 3 3 3 3 :j 3
'urface. illu. 13,36 1 2S. 126 50.507 50. 507 110, 7!io1 1i 11 10 227 5311
(ipacted tliickuie',. fi. 1 .215 1.522 2.297 2.29 3. 451 3 4.1 5.)6

ELF FO RT

LTiper pe~w r layer 13 33 10 30 2:) 265
It 11) ft3  2o4 o040 2004)0 20 000 20 0004 21) (4444) 24o i1li 244 OW)4

4 1)1400 .4 li~t, thle himiiier- first iiesi with that partilar Tild ii A-V a rf-ijir .f the -tjiil
hiw)%ever, iiew miiiiier, %%ere ilevelj)eil and are iiow iied with Ilecifit' nll~ 1l7eC---'1v,e ire Ii~tfei
I itiler clmuiBi

"T"w ailljt~tia tetz %%ere rmi with the 127.53-lh hammiruer. 1:,r NhI l- .3 544 ft II. ,T' .f
.tipact lie eftirt were Ii-,.I.
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Table 15

Summary of Compaction Data (After Donaghe and Townsend, 1975)

Maximum Dry _tir,

Type of Mold Maximum Gravel Fines Unit Weignt i-ater
Compactor Diam Particle Content Content Yj

Sffect nve:tirated Used in, Size _ . lb/ft-

Equipment size Mechanical ' 13. 4 sieve 3 25 130. 0..

18 133.9 6.9

6 3/40 0 25 31.7.9

18 134.1 7.3

emoval and replacement Mechanical 18 3/4" -0 25 13L.1 . 3

of coarse partices 3** 138.0 .;

Gravel ,ontent Mechanica& 18 No. 4 sieve 0 25 133.9 6.9
(large-scale tests) *0 135.0

20 136.1 6.1
30 137.2 5.7

1o 138.0 5.9

50 137.1 5.8

6o 134.9 5.2

i00 112.0 t

Gravel content Mechanical 6 No. 4 sieve 0 25 130.9 8.6

(small-scale tests) 3/1* 10 133.5 7.7

20 132.5 8.1

30 132.3 8.1

40 131.1 7.9

50 131.9 7.8

60 129.5 9.5

100 103.6

Gravel content Hand-held 6 No. 4 sieve 0 2C 132.6 0.l

(small-scale tests) 3/4* 10 132.5 7.3

20 131.8 7.;

30 132.0

40 132.0 7.9

50 129.3 8.0

t0 128.5 9.2
100 101.2

Fines zcntent Mechanical 18 3** 4 15 4Cl.8 -.

(large-scale tests) 138.0 0.?

35 103.3 5

Fines content Mechanical 6 3/* 40 15 13-8
(small-scale tests) 25 131.1 7.9

35 12t,. 6 9.

Scalped and replaced material.
* Full-scale material.

S ingle-pcint test performed on dry materia.
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Table 16

Characteristics of Compaction Equipment (After Carga and Madureira, 1985)

Nominal Mould Rammer

mould MouldMBase
diameter, Height, Volume, Weight, Drop, diameter, Ram diameter
in. (cm) in. (cm) cu ft (cm 3) lb (kg) in. (cm) in. (cm) Mould diameter
(1) (2) (3) (4) (5) (6) (7)

4 4.6 0.033 5.5 12 2 0.5
(10) (11.7) (945) (2.5) (30) (5.01)

6 4.6 0.074 10 18 2 0.3
(15) (11.7) (2,120) (4.5) (45) (5.01)
12 15.1 1.00 81.8 45.6 5.8 0.5
(30) (38.4) (28,340) (37.2) (18) (14.7)
20 14.9 2.74 111 46.3 9.4 0.5

(50) (38.0) (77,700) (50.5) (19.2) (24.0)

Table 17

Compaction Test Characteristics (After Garga and Madureira, 1985)

NUMBER OF LAYERS x NUMBER OF RAMMER

DROPS PER LAYER

Mould Diameter

4 in. 6 in. 12 in. 20 in.
Compactive effort (10 cm) (15 cm) (30 cm) (50 cm)

(1) (2) (3) (4) (5)

Standard
(12,375 ft-lb/cu ft) 3 x 25' 3 x 55a 3 x 33 3 x 66

Intermediate
(24,985 ft-lb/cu ft) 4 x 40a 4 x 32a 4 x 51 4 x 102

Modified
(56,250 ft-lb/cu ft) 5 x 25 b  5 x 55b 5 x 91

"2.5 kg rammer.
b4 .5 kg rammer.
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Table 19

Test Gradations

Gradation No. Description

1 MINUS 3-IN. FULL-SCALE MATERIAL, 20 percent plus 3/4-in.,
28 percent gravel, 28 percent minus No. 200

IA MINUS 2-IN. FRACTION, 12 percent plus 3/4-in., 20.9
percent gravel, 30.8 percent minus No. 200

lB MINUS 3/4-IN. FRACTION, 10 percent gravel, 35 percent

minus No. 200

IC MINUS NO. 4 FRACTION, 38.9 percent minus No. 200

2 MINUS 3-IN. FILL-SCALE MATERIAL, 40 percent plus 3/4-in.,

46 percent gravel, 21 percent minus No. 200

2A MINUS 2-IN. FRACTION, 23.6 percent plus 3/4-in., 31.2
percent gravel, 26.8 percent minus No. 200

lB MINUS 3/4-IN. FRACTION identical to that of Gradation 1

IC MINUS NO. 4 FRACTION identical to that of Gradation 1

3 MINUS 3-IN. FULL-SCALE MATERIAL, 20 percent plus 3/4-in.,
52 percent gravel, 28 percent minus No. 200

3A MINUS 2-IN. FRACTION, 18.4 percent plus 3/4-in., 51

percent gravel, 28.6 percent r.inus No. 200

3B MINUS 3/4-IN. FRACTION, 40 percent gravel, 35 percent

minus No. 200

3C MINUS NO. 4 FRACTION, 58.3 percent minus No. 200

4 MINUS 3-IN. FULL-SCALE MATERIAL, 40 percent plus 3/4-in.,
64 percent gravel, 21 percent minus No. 200

4A MINUS 2-IN. FRACTION, 35.8 percent plus 3/4-in., 61.5

percent gravel, 22.5 percent minus No. 200

3B MINUS 3/4-IN. FRACTION identical to that of Gradation 3

3C MINUS NO. 4 FRACTION identical to that of Gradation 3
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Table 20

Summary of Hammers, Compaction Procedures, and Mold Dimensions

HAMMERS AND COMPACTION PROCEDURES

No. Complete Peripheral Central

Mold Hammer Hammer Blows Covrages of Blows Blows Total
Diam. No. Diam. Weight Per Specimen Area Per Per Energy
in. Layers in. lbs. Layer Per Layer Coverage Coverage ft-lb/ft3

HAMMER DROP HEIGHT FOR ALL TESTS WAS 12 INCHES

6 3 2 5.5 56 3 12 6(1)  12,467

12 3 4 38.8 84 5 12 5 (2 ) 12,390

58.8 55 3 12 6(1) 12,493

78.8 41 2 12 8 ( 1 )  12,532

6 131.4 25 2 12 0 12,538

18 3 6 131.4 83 5 12 5(3) 12,213

(1) Plus 2 extra central blows for the last coverage
(2) Minus 1 central blow for last coverage
(3) Minus 2 central blows for last coverage

MOLD DIMENSIONS

Nominal Mold Precise Mold Precise Precise
Diameter Diameter Height Volume

in. in. in. cu ft

6 5.933 4.573 0.075

12 11.997 12.013 0.786

18 17.989 18.019 2.651
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Table 21

Compaction Test Data Summary

Tests On Minus 3/4-in. Fractions to Determine Procedures for Duplicating

6-in. Diameter Mold Test Results Using 12-in. Diameter Mold

GRADATION 1B, SILT (ML) FINES, 10 PERCENT GRAVEL

DRY
TEST SPECIMEN HAMMER HALMER WATER UNIT
NO. NO. DIAMETER WEIGHT CONTENT WEIGHT

IN. LBS PERCENT PCF

1 2 5.5 4.61 128.9
2 6.40 129.9
3 (6-IN. MOLD) 6.94 131.4
4 6.60 131.5
5 8.40 131.0
6 10.21 128.9

2 1 4 38.4 4.18 127.9
2 6.56 130.0
3 8.46 129.3
4 10.40 124.8

3 1 4 58.8 3.77 127.4
2 6.40 129.3
3 8.33 129.8
4 10.25 125.3

4 1 4 78.8 4.77 128.1
2 6.56 129.9
3 8.57 129.1
4 10.39 124.9

5 1 6 131.4 4.82 129.3
2 6.33 130.5
3 7.34 131.8
4 8.25 129.5
5 10.34 125.4



Table 22

Compaction Test Data Summary

Tests On Minus 3/4-in. Fractions to Determine Procedures for Duplicating

6-in Diameter Mold Test Results Using 12-in. Mold

GRADATION IB, CLAY (CH) FINES, 10 PERCENT GRAVEL

DRY
TEST SPECIMEN HAMMER HAMMER WATER UNIT
NO. NO. DIAMETER WEIGHT CONTENT WEIGHT

TN. LBS. PERCENT PCF

1 2 5.5 7.68 116.4
2 9.64 122.2
3 (6-IN. MOLD) 11.70 121.6
4 13.40 118.2

5 14.93 114.7

2 1 4 38.4 7.96 113.5
2 9.61 119.2
3 12.01 118.6

4 13.33 118.3

3 1 4 58.8 7.14 115.9

2 9.13 119.9

3 10.54 121.9
4 12.23 119.6

5 13.70 118.8

4 1 4 78.8 8.92 118.3
2 10.84 120.9

3 11.29 121.8
4 12.79 119.3
5 15.13 114.4

5 1 6 131.4 8.73 119.5

2 9.40 123.2
3 10.92 123.5

4 12.94 120.0

5 14.95 114.9
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Table 23

Compaction Test Data Summary

Tests On Minus 3/4 -in. Fractions to Determine Procedures for Duplicating

6-in. Diameter Mold Test Results Using 12-in. Diameter Mold

GRADATION 3B, CLAY (CH) FINES, 40 PERCENT GRAVEL

DRY
TEST SPECIMEN HAMMER HAMMER WATER UNIT
NO. NO. DIAMETER WEIGHT CONTENT WEIGHT

IN. LBS. PERCENT PCF

1 2 5.5 7.80 120.7
2 8.03 122.3
3 9.72 124.2
4 10.34 122.5
5 (6-IN. MOLD) 12.13 119.5
6 12.50 119.4
7 13.29 118.6
8 13.57 117.9
9 14.71 115.6

2 1 4 38.4 8.25 120.4
2 9.43 122.8
3 10.55 121.8
4 11.87 119.0

3 1 4 58.8 6.82 121.2
2 8.73 123.8
3 10.59 122.5
4 12.50 119.1

4 1 4 78.8 6.67 124.0
2 9.33 122.8
3 9.43 125.4
4 10.43 123.2

5 1 6 131.4 8.86 123.4
2 9.65 126.6
3 10.77 125.2
4 12.50 120.1
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Table 24

Compaction Test Data Summary

Tests On Minus 3/4-in. Fractions to Determine Procedures for Duplicating

6-in. Diameter Mold Test Results Using 12-in. Diameter Mold

GRADATION 3B, SILT (ML) FINES, 40 PERCENT GRAVEL

DRY

TEST SPECIMEN HAMMER HAMMER WATER UNIT
NO. NO. DIAMETER WEIGHT CONTENT WEIGHT

IN. LBS. PERCENT PCF

1 2 5.5 4.83 132.7
2 5 .82 132.3
3 (6-IN. MOLD) 6.86 133.6
4 6.88 '34.6

5 7.54 3.9
6 8.66 132.4
7 10.21 128.6

2 1 4 38.4 5.12 131.7
2 6.50 135.0
3 8.40 133.3

4 9.99 129.9

3 1 4 58.8 4.83 131.8
2 6.65 134.0
3 6.72 134.5
4 6.86 133.6

5 8.24 132.8
6 8.65 130.9
7 10.35 126.6

4 1 4 78.8 4.72 132.2
2 7.62 133.6

3 9.05 130.8

5 1 6 131.4 5.29 132.3
2 6.62 134.5
3 8.74 131.0

4 10.51 127.1
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Table 25

Summary of Optimum Water Contents and Maximum Dry Unit Weights

Tests On Minus 3/4-in. Fractions to Determine Procedures for

Duplicating 6-in. Mold Test Results Using 12-in. Diameter Mold

MAXIMUM
HAMMER OPTIMUM DRY UNIT
WEIGHT WATER CONTENT WEIGHT
LBS PERCENT PCF

GRADATION 1B. 10 PERCENT GRAVEL
SILT (ML) FINES

5.5 7.6 131.8
38.4 7.6 130.4
58,8 7.3 131.0
78.8 7.3 131.0

131.4 7.3 131.6

Range in optimum water content as a percent of mean value - 4.0 percent
Range in maximum dry unit weight as a percent of mean value - 1.1 percent

CLAY (CH) FINES

5.5 10.5 123.4
38.4 10.9 121.8
58.8 10.7 122.0
78.8 11.2 121.6

131.4 10.4 123.9

Range in optiw m water content as a percent of mean value - 7.4 percent
Range in maximum dry unit weight as a percent of mean value - 1.9 percent
...........................................................................

GRADATION 3B, 40 PERCENT GRAVEL
SILT (ML) FINES

5.5 7.5 134.3
38.4 6.9 135.3
58.8 7.2 133.8
78.8 7.2 134.2

131.4 7.0 134.3

Range in optimum water content as a percent of mean value - 8.4 percent
Range in maximum dry unit weight as a percent of mean value - 1.1 percent

CLAY (CH) FINES

5.5 9.8 123.7
38.4 9.7 122.5
58.8 9.7 124.3
78.8 9.2 125.7

131.4 9.9 126.6

Range in optimum water content as a percent of mean value = 7.3 percent
Range in maximum dry unit weight as a percent of mean value - 2.5 percent
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Table 26

Compaction Test Data Summary

Tests On Minus 3/4-in. Fractions to Determine Procedure for Duplicating

6-in. Mold Test Results Using 18-in. Mold and 131.4 -lb Hammer

GRADATION lB, 10 PERCENT GRAVEL

SILT (ML) FINES CLAY (CH) FINES

WATER DRY WATER DRY

CONTENT UNIT WEIGHT CONTENT UNIT WEIGHT

PERCENT PCF PERCENT PCF

4.43 130.3 7.92 120.5
5.38 131.1 9.22 121.9

7.92 130.0 11.30 121.9
8.05 130.3 10.31 122.9

10.09 125.2

GRADATION 3B. 40 PERCENT GRAVEL

SILT (ML) FINES CLAY (CH) FINES

WATER DRY WATER DRY

CONTENT UNIT WEIGHT CONTENT UNIT WEIGHT

PERCENT PCF PERCENT PCF

4.50 132.4 8.54 123.7

6.16 134.2 10.24 124.1

8.52 131.0 10.60 124.1

10.07 126.6 11.64 120.3
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Table 27

Optimum Water Contents and Maximum Dry Unit Weights Obtained From

Tests Performed On Minus 3/4-in. Fractions in

6. 12, and 18-in Diameter Molds

OPTIMUM WATER CONTENT, PERCENT

MOLD GRADATION IB, 10 PERCENT GRAVEL GRADATION 3B. 40 PERCENT GRAVEL

DIAMETER SILT (ML) CLAY (CH) SILT (ML) CLAY (CH)

IN. FINES FINES FINES FINES

6 7.6 10.5 7.5 9.8

12 7.3 10.3 7.0 9.9

18 7.3 10.4 7.0 9.8

RANGE IN VALUES AS PERCENT OF MEAN VALUE:

Gradation 1B, Silt Fines - 4.0 percent

Gradation iB, Clay Fines - 1.9 percent

Gradation 3B, Silt Fines = 7.0 percent

Gradation 3B, Clay Fines = 5.0 percent

MAXIMUM DRY UNIT WEIGHT, PCF

MOLD GRADATION IB, 10 PERCENT GRAVEL GRADATION 3B, 40 PERCENT GRAVEL

DIAMETER SILT (ML) CLAY(CH) SILT (ML) CLAY (CH)

IN. FINES FINES FINES FINES

6 131.8 123.4 134.3 123.7

12 131.6 125.6 134.3 126.6

18 131.6 122.9 134.6 125.0

RANGE IN VALUES AS PERCENT OF MEAN VALUE:

Gradation 1B, Silt Fines = 0.2 percent

Gradation IB, Clay Fines = 2.2 percent

Gradation 3B, Silt Fines = 0.2 percent

Gradation 3B, Clay Fines = 2.3 percent
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Table 28

Compaction Test Data Summary

Discrete Data for Tests Performed On Minus No. 4 Sieve Fractions Using

Standard Procedure Developed for 12 and 18-in. Diameter Molds

6-in. Diameter Mold 12-in. Diameter Mold 18-in. Diameter Mold

WATER DRY WATER DRY WATER DRY

CONTENT UNIT WEIGHT CONTENT UNIT WEIGHT CONTENT UNIT WEIGHT

PERCENT PCF PERCENT PCF PERCENT PCF

SILT (ML) FINES, GRADATION IC

4.91 123.8 5.15 128.5 4.18 127.2
6.54 126.0 6.79 129.3 6.05 129.8
8.49 126.2 7.63 130.0 7.99 129.3
9.38 125.7 8.35 126.5 9.40 124.4

10.26 123.1 9.11 127.1
10.75 123.0
12.09 120.3
12.13 120.7

............................................................................

SILT (ML) FINES, GRADATION 3C

4.51 115.8 7.29 120.4 8.99 122.1
4.60 114.8 10.29 122.4 10.61 122.3
5.62 112.6 10.06 122.7 12.89 117.1
6.60 118.1 12.34 118.6
7.87 120.0
8.49 119.5

10.00 120.2
10.57 121.2
12.23 118.3
12.36 117.7
14.05 114.5

............................................................................

CLAY (CH) FINES, GRADATION IC

8.31 109.0 7.83 117.0 10.13 120.2
10.34 114.9 10.57 122.8 12.15 120.1
10.35 114.6 11.67 123.2 14.10 116.6
12.37 118.1 14.12 117.2
13.64 116.3
14.51 115.7
15.29 112.3
16.05 112.2
............................................................................

CLAY (CH) FINES, GRADATION 3C

9.09 101.6 12.20 111.6 11.69 108.8
10.26 104.1 13.95 114.0 13.69 110.8
12.35 107.0 15.75 113.9 16.68 109.2
15.01 109.3 17.96 109.8
17.07 108.3
18.52 107.0
18.65 106.5
20.66 103.0

Note: The specific gravity of the solids of the minus No 4 fractions

of Gradations IB'and 3B were 2.67 and 2.69. respectively
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Table 29

Compaction Test Data Summary

Optimum water Contents and Maximum Dry Unit Weizhts for Minus No.4

Fractions Tested in 12 and 18-in. Diameter Molds

OPTIMUM WATER CONTENT, PERCENT
MOLD

DIAMETER
IN. lCML* 3CML* 1CCH* 3CCH*

6 7.7 10.6 12.7 15.2
12 7.4 i0.0 11.2 14.6
18 6.9 10.0 11.2 14.2

RANGE IN VALUES AS PERCENT OF MEAN VALUE:
ICML - 10.9 percent
3CML - 5.9 percent

ICCH - 12.8 percent
3CCH - 4.0 percent
...........................................................................

MAXIMUM DRY UNIT WEIGHT, PCF
MOLD

DIAMETER
IN. ICML 3CML 1CCH 3CCH

6 127.2 121.2 118.2 109.5
12 130.0 122.8 123.6 114.7
18 130.5 122.8 121.3 111.2

RANGE IN VALUES AS PERCENT OF MEAN VALUE:
1CML - 2.6 percent
3CML - 1.3 percent

1CCH - 4.5 percent
3CCH - 4.6 percent

1CML Gradation IC, Silt (ML) Fines
3CML Gradation 3C, Silt (ML) Fines

1CCH Gradation 1C, Clay (CH) Fines
3CCH Gradation 3C, Clay (CH) Fines
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Table 30

Discrete Data for Compaction Tests On Minus No.4 Materials

Performed in the 4-in. Diameter Mold

WATER DRY
CONTENT UNIT WEIGHT

GRADATION PERCENT PCF

No. 1C, Silt (ML) Fines 4.76 124.8
6.23 126.0
8.47 128.4

10.75 123.7
12.82 120.9

No. 1C, Clay (CH) Fines 7.56 110.2
9.75 116.1

11.84 119.2
13.16 118.2
15.54 113.7

No. 3C, Silt (ML) Fines 5.98 116.9
7.84 118.2
9.87 120.3

11.85 119.8
13.68 115.5

No. 3C, Clay (CH) Fines 11.29 107.5
12.87 108.0
15.01 113.4
17.54 109.8
20.05 104.9

NOTE: See Table 19 for description of gradations
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Table 31

Compaction Test Data Summary

Minus No.4 Gradations Tested in 4 and 6-in, Diameter Molds

OPTIMUM WATER MAXIMUM DRY

CONTENT UNIT WEIGHT
PERCENT PCF

MOLD DIAMETER MOLD DIAMETER

GRADATION 4-IN. 6-IN. 4-IN. 6-IN.

No. IC, Silt (ML) Fines 8.1 7.7 128.5 127.2

No. IC, Clay (CH) Fines 12.2 12.7 119.5 118.2

No. 3C, Silt (ML) Fines 11.0 10 .6 121.2 121.2

No. 3C, Clay (CH) Fines 15.0 15.2 113.4 109.5

NOTE: See Table 19 for description of gradations
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Table 32

Discrete Data for Compaction Tests On Successively Scalped Fractions

of Gradation No. I With Silt (ML) Fines

WATER DRY
CONTENT UNIT WEIGHT

GRADATION PERCENT PCF

No. 1: Minus 3-in. Full-Scale 4.22 135.9
18-in. Diameter Mold 4.93 137.6

5.07 138.3
6.02 138.6
7.34 134.6

No. lA: Minus 2-in. 3.58 131.6
12-in. Diameter Mold 5.18 135.1

5.35 135.5
6.08 134.0

6.29 135.6
7.42 133.7
7.96 132.7

8.17 132.3
8.28 130.7

No. IB: Minus 3/4-in. 4.61 128.9
6-in. Diameter Mold 6.40 129.9

6.60 131.5
6.94 131.4

8.40 131.0

10.21 128.9

No. IC: Minus No.4 4.91 123.8
6-in. Diameter Mold 6.54 126.0

8.49 126.2

9.38 125.7
10.26 123.1
10.75 123.0
12.09 120.3
12.13 120.7

NOTE: See Table 19 for description of gradations
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Table 33

Discrete Data for Compaction Tests On Successively Scalped Fractions

of Gradation No. 2 With Silt (ML) Fines

WATER DRY
CONTENT UNIT WEIGHT

GRADATION PERCENT PCF

No. 2: Minus 3-in. Full-Scale 3.15 142.4
18-in. Diameter Mold 3.54 141.6

4.26 141.8
5.40 141.8
6.23 139.2

No. 2A: Minus 2-in. 4.22 135.6
12-in. Diameter Mold 5.16 138.0

6.31 139.2
6.41 136.9
7 .23 135.5
7.31 135.8
8.03 134.7
8.29 133.6

No. 'B: Minus 3/4-in. 4.61 128.9
6-in Diameter Mold 6.40 129.9

6.60 131.5
(Sam. fraction as for full-scale 6.94 131.4
Grad.ntion No. 1, Table 33) 8.40 131.0

10.21 128.9

No. IC: Minus No.4 4.91 123.8
6-in Diameter Mold 6.54 126.0

8.49 126.2
(SaL. fraction as for full-scale 9.38 125.7
GraGcation No. i, Table 33) 10.26 123.1

10.75 123.0
12.09 120.3
12.13 120.7

NOTE: See Table 19 for description of gradations
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Table 34

Discrete Data for Compaction Tests On Successively Scalped Fractions

of Gradation No. 3 With Silt (ML) Fines

WATER DRY
CONTENT UNIT WEIGHT

GRADATION PERCENT PCF

No. 3: Minus 3-in. Full-Scale 4.58 137.5
18-in. Diameter Mold 4.89 138.9

3.77 139.2

6.97 138.0

No. 3A: Minus 2-in. 4.36 137.2
12-in. Diameter Mold 5.33 136.0

5.63 137.8
5.64 137.7

5.88 136.3
6.72 138.2
6 .75 137.7

6.86 137.2
7.09 138.2
7.92 135.0

8.80 133.0
9.00 132.8

No. 3B: Minus 3/4-in. 4.83 132.7
6-in. Diameter Mold 5.82 132.3

6.86 133.6

6.88 134.6

7.54 133.9
8.66 132.4

10.21 128.6

No. 3C: Minus No.4 4.51 115.8
6-in. Diameter Mold 4.60 114.8

5.62 117.6
6.60 118.1

7.87 120.0

8.49 119.5
10.00 120.2

10.57 121.2
12.23 118.3
12.36 117.7
14.05 114.5

NOTE: See Table 19 for description of gradations
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Table 35

Discrete Data for Compaction Tests On Successively Scalped Fractions

of Gradation No. 4 With Si;t (ML) Fines

WATER DRY

CONTENT UNIT WEIGHT
GRADATION PERCENT PCF

No. 4: Minus 3-in. Full-Scale 3.27 141.7
18-in. Diameter Mold 4.36 141.9

5.37 141.9
6.50 139.9
8.40 135.6

No. 4A: Minus 2-in. 2.67 138.3
12-in. Diameter Mold 4.71 140.6

4.90 140.3

5.80 140.4
6 .23 138.8
6.63 140.1

6.93 139.4

8. 23 137.5

No. 3B: Minus 3/4-in. 4.83 132.7
6-in. Diameter Mold 5.82 132.3

6.86 133.6

(Same fraction as for full-scale 6.88 134.6
Gradation No. 3, Table 35) 7.54 133.9

8.66 132.4

10.21 128.6

No. 3C: Minus No.4 4.51 115.8
6-in. Diameter Mold 4.60 114.8

5.62 117.6
6.60 118.1

(Same fraction as for full-scale 7.87 120.0
Gradation No. 3, Table 35) 8.49 119.5

10.00 120.2
10.57 121.2

12.23 118.3
12.36 117.7
14.05 114.5

NOTE: See Table 19 for description of gradations
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Table 36

Discrete Data for Compaction Tests On Successively Scalped Fractions

of Gradation No. 1 With Clay ('CH) Fines

WATER DRY
CONTENT UNIT WEIGHT

GRADATION PERCENT PCF

No. 1: Minus 3-in. Full-Scale 6.55 126.8
18-in. Diameter Mold 7.31 129.4

7.92 130.6
9.04 130.2
9.47 129.1
11.20 126.0

No. 1A: Minus 2-in. 4.66 120.1
12-in. Diameter Mold 5.50 124.8

6.20 125.2
6.39 127.4
7.20 130.8
8.11 130.2
8.18 129.1
9.23 129.5
10.22 128.2
10.46 127.7
11.84 124.7

No. IB: Minus 3/4-in. 7.68 116 4
6-in. Diameter Mold 9.64 122.2

11.70 121.6
13.40 118.2

14.93 114.7

No. IC: Minus No.4 8.31 109.0
6-in. Diameter Mold 10.34 114.9

10.35 114.6
12.37 118.1

13.64 116.3
14.51 115.7
15.29 112.3
16.05 112.2

NOTE: See Table 19 for description of gradations
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Table 37

Discrete Data for Compaction Tests On Successively Scalped Fractions

of Gradation No. 2 Aith Clav (CH) Fines

WATER DRY
CONTENT UNIT WEIGHT

GRADATION PERCENT PCF

No. 2: Minus 3-in. Full-Scale 4.37 132.9
18-in. Diameter Mold 5.39 135.1

6.50 137.6
7.56 136.3
8.09 132.4

9.23 129.6

No. 2A: Minus 2-in. 5.46 123.4
12-in. Diameter Mold 6.61 128.9

6.98 133.1
7.37 131.2
8.10 133.5
9.01 131.3

9.29 131.4
10.17 128.9

No. IB: Minus 3/4-in. 7.68 116.4
6-in. Diameter Mold 9.64 122.2

11.70 121.6
(Same fraction as for full-scale 13.40 118.2
Gradation No. 1, Table 37) 14.93 114.7

No. 1C: Minus No. 4 8.31 109.0
6-in. Diameter Mold 10.34 114.9

10.35 114.6
12.37 118.1

(Same fraction as for full-scale 13.64 116.3

Gradation No.1, Table 37) 14.51 115.7

15.29 112.3

16.05 112.2

NOTE: See Table 19 for description of gradations
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Table 38

Discrete Data for Compaction Tests On Successively Scalped Fractions

of Gradation No. 3 With Clay (CH) Fines

WATER DRY
CONTENT UNIT WEIGHT

GRADATION PERCENT PCF

No. 3: Minus 3-in. Full-Scale 5.17 128.5
18-in. Diameter Mold 6.30 130.0

7.73 129.8
8.38 128.7
10.48 123.1

No. 3A: Minus 2-in. 5.84 126.5
12-in. Diameter Mold 6.73 128.5

7.68 130.9
9.54 129.4
10.85 126.6

No. 3B: Minus 3/4-in. 6.34 122.0
6-in. Diameter Mold 7.80 120.7

8.03 122.3
9.72 124.2
10.34 122.5

12.13 119.5
12.50 119.4
13.29 118.6
13.57 117.9

14.71 115.6

No. 3C: Minus No.4 9 09 101.6

6-in. Diameter Mold 10.26 104.1
12.35 107.0
13.19 109.2
14.46 111.2
15.01 109.3

17.07 108.3

18.52 107.0
18.65 106.5

20.66 103.0

NOTE: See Table 19 for description of gradations
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Table 39

Discrete Data for Compaction Tests On Successively Scalped Fractions

of Gradation No. 4 With Clay (CH) Fines

WATER DRY
CONTENT UNIT WEIGHT

GRADATION PERCENT PCF

No. 4: Minus 3-in. Full-Scale 4.29 131.0
18-in. Diameter Mold 4.44 129.0

5.55 133.3
6.38 134.8
6.48 135.0
6.62 134.4
7.56 133.8
8.56 131.3
10.77 126.1

No. 4A: Minus 2-in. 4.20 127.2
12-in. Diameter Mold 6.27 131.8

6.94 135.6
7.03 135.8
7.84 134.6
8.13 134.6
8.76 132.7

9.24 126.7
9.82 127.0

10.32 125.7
11.12 124.7

No. 3B: Minus 3/4-in. 6.34 122.0
6-in. Diameter Mold 7.80 120.7

8.03 122.3

9.72 124.2
(Same fraction as for full-scale 10.34 122.5
Gradation No. 3, Table 39) 12.13 119.5

12.50 119.4
13.29 118.6
13.57 117.9
14.71 115.6

No. 4C: Minus No.4 9.09 101.6
6-in. Diameter Mold 10.26 104.1

12.35 107.0
13.19 109.2

(Same fraction as for full-scale 14.46 111.2
Gradation No. 3, Table 39) 15.01 109.3

17.07 108.3
18.52 107.0
18.65 106.5
20 66 103.0

NOTE: See Table 19 for description of gradations
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Table Q0

Maximum Dry Unit Weights and C:timum Water Contents for Compaction Tests

On Successive1y Scalped Fractions

MAXIMUM DRY UNIT WEIGHT, PCF

MAXIMUM PARTICLE GRADATION GRADATION GRADATION GRADATION

SIZE, IN. NO.1 NO.2 NO.3 NO.4

SILT (ML) FINES

3 139.0 142.5 139.4 142.2

2 135.0 138.5 139.2 140.7

3/4 131.8 131.8 134.3 134.3

NO.4 SIEVE 127.2 127.2 121.2 121.2

CLAY (CH) FINES

3 130.6 137.8 130.3 134.9

2 130.6 133.1 131.7 135.8

3/4 123,4 123.4 123.7 123.7

NO.4 SIEVE 118.2 118.2 109.5 109.5

OPTIMUM WATER CONTENT, PERCENT

MAXIMUM PARTICLE GRADATION GRADATION GRADATION GRADATION

SIZE. IN. NO.1 NO.2 NO.3 NO.4

SILT (ML) FINES

3 5.6 4.9 5.6 5.4

2 5,9 5.3 6.3 5.6

3/4 7.6 7.6 7.5 7.5

NO.4 SIEVE 7.7 7.7 10.6 10.6

CLAY (CH) FINES

3 8.4 6.9 7.3 6.8

2 8.4 8.0 8.2 7.4

3/4 10.5 10.5 9.8 9.8

NO.4 SIEVE 12.7 12.7 15.2 15.2
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Table 41

Summary of Maximum Permissible Degrees of Scalping to Obtain

Maximum Dry Unit Weights of Parent Gradations From

Those of Fractions

PERMISSIBLE SCALPING IN

PERCENT BY WEIGHT*

SILT (ML) FINES CLAY (CH) FINES
GRADATION % GRADATION %

PARENT GRADATION: MINUS 3-IN. L 9 1 8

2 14 2 13
3 10 3 Ii
4 18 4 20

PARENT GRADATION: MINUS 2-IN. 1 8 1 4

2 12 2 7
3 10 3 6

4 19 4 9

PARENT GRADATION: MINUS 3/4-IN.

Minus No.4 Fractions Identical
for Gradations 1 and 2 and

for Gradations 3 and 4 .......................... 3 ................... 5

* A maximum permissible deviation of fraction maximum dry unit weight from
"parent" gradation maximum dry unit weight of minus 2.5 lb/cu ft was used
to determine maximum allowable scalping. This deviation represented about

two percent of the average maximum dry unit of the parent gradations con-

taining plus No.4 material.
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Table 42

Summary of Maximum Permissible Desr,,s of Scalping to Obtain

Optimum Water Contents of Parent Gradations From

Those of Fracticns

PERMISSIBLE SCALPING IN

PERCENT BY WEIGHT*

SILT (ML) FINES CLAY (CH) FINES

GPDATION % GRADATION %

PARENT GRADATION: MINUS 3-IN. 1 9.5 1 10
2 11 2 17

3 7 3 8

L 14 4 18

PARENT GRADATION: MINUS 2-IN. L 6 1 4.5

2 8 2 11.3

3 10.5 3 15.5

17 4 22

PARENT GRADATION: MINUS 3/4-IN.

Minus No.4 Fractions Identical

for Gradations 1 and 2 and

for Gradations 3 and 4 ................... 2.5 . .................. 7

* A maximum permissible deviation of fraction optimum water content from

"parent" gradation optimum water content of minus 0.7 pprcentage points was

used to determine maximum allowable scalping. This deviation represented

about ten percent of the average optimum water content of the parent gra-

dations containing plus No.4 material,
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Table 43

Prediction of Maximum Dry Unit Weight

Data Corrected for Equipment Size Effects

Max Density Predicted Actual Max. Predicted

Fine DensityTotal Density, Total Minus
Gradation Percent Fraction Material Material Actual

No. Oversize pcf pcf pcf pcf

PLUS NO. 4 OVERSIZE, SILT (ML) FINES

1 28 130.5 139.0 139.0 0.0
1A 20.9 130.0 136.3 135.0 1.3

2 46 130.5 145.2 142.5 2.7
2A 31.2 130.0 139.7 138.5 1.2
3 52 122.8 142.5 139.4 3.1

3A 51 122.8 142.0 139.2 2.8
4 64 122.8 148.0 142.2 5.8

4A 61.5 122.8 146.8 140.7 6.1

PLUS NO. 4 OVERSIZE, CLAY (CH) FINES

1 28 121.3 131.4 130.6 0.8
1A 20.9 123.6 130.7 130.6 0.1

2 46 121.3 138.8 137.8 1.0
2A 31.2 123.6 134.6 133.1 1.5
3 52 111.2 134.7 130.3 4.4

3A 51 114.7 136.6 131.7 4.9
4 64 111.2 141.6 134.9 6.7

4A 61.5 114.7 142.2 135.8 6.4

PLUS 3/4-IN. OVERSIZE, SILT (ML) FINES
1 20 131.6 137.5 139.0 -1.5

IA 12 131.6 135.0 135.0 0.0

2 40 131.6 143.9 142.5 1.4
2A 23.6 131.6 138.6 138.8 -0.2
3 20 134.6 140.1 139.4 0.7

3A 18.4 134.3 139.3 139.2 0.1
4 40 134.6 146.0 142.2 3.8

4A 35.8 134.3 144.5 140.7 3.8

PLUS 3/4-IN. OVERSIZE, CLAY (CH) FINES

1 20 122.9 129.8 130.6 -0.8

1A 12 125.6 129.5 130.6 -1.1
2 40 122.9 137.5 137.8 -0.3
2L Z.6 125.6 133.4 133.1 0.3

3 20 125.0 131.6 130.3 1.3

3A 18.4 126.6 132.5 131.7 0.8
4 40 125.0 139.0 134.9 4.1

4A 35.8 126.6 138.7 135.8 2.9

Note: Bulk specific gravity of oversized particles (gravel) = 2.68
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Table 44

Predictions of Maximum Dr; Unit Ueizht and Optimum Water Content

For Minus 3/4 -in. Gradations From Those of Minus No.4 Gradations

Data Corrected for Equipment Size Effects

Max Density Predicted Actual Max. Predicted
Fine Density, Total Density, Total Minus

Gradation Percent Fraction Material Material Actual

No. Oversize pcf pcf pcf pcf

SILT (ML) FINES

lB 10 127.2 130.3 131.8 -1.5
3B 40 121.2 136.2 134.3 1.9

CLAY (CH) FINES

IB 10 118.2 121.8 123.4 -1.6
3B 40 109.5 127.0 123.7 3.3

Opt. Water Predicted Actual

Content Opt. Water Opt. Water Predicted
Fine Content, Total Content, Total Minus

Gradation Percent Fraction Material Material Actual
No. Oversize % %

SILT (ML) FINES

IB 10 7.7 7.0 7.6 -0.6
3B 40 10.6 6.6 7.5 -0.9

CLAY (CH) FINES

lB 10 12.7 ii & 10.5 1.0

3B 40 15.2 ? 9.8 -0.4

Note: Tests performed in 6-in. diamieter Told



Table 45

Prediction of Optimum Water Content

Data Corrected for Equipment Size Effects

Opt. Water Predicted Actual
Content Opt. Water Opt. Water Predicted

Fine Content, Total Content, Total Minus
Gradation Percent Fraction Material Material Actual

No. Oversize percent percent percent percent

PLUS NO. 4 OVERSIZE, SILT (ML) FINES
1 28 6.9 5.1 5.6 -0.5

IA 20.9 7.4 6.0 5.9 0.1

2 46 6.9 4.0 4.9 -0.9
2A 31.2 7.4 5.3 5.3 0.0
3 52 10.0 5.1 5.6 -0.5
3A 51 10.0 5.2 6.3 -1.1
4 64 10.0 4.0 5.4 -1.4
4A 61.5 10.0 4.2 5.6 -1.4

PLUS NO. 4 OVERSIZE, CLAY (CH) FINES
1 28 11.2 8.2 8.4 -0.2
1A 20.9 11.2 9.0 8.4 0.6
2 46 11.2 6.3 6.9 -0.6

2A 31.2 11.2 7.9 8.0 -0.1
3 52 14.2 7.1 7.3 -0.2

3A 51 14.6 7.5 8.2 -0.7

4 64 14.2 5.5 6.8 -1.3

4A 61.5 14.6 6.0 7.4 -1.4

PLUS 3/4-IN. OVERSIZE, SILT (ML) FINES
1 20 7.3 6.0 5.6 0.4

IA 12 7.3 6.5 5.9 0.6
2 40 7.3 4.6 4.9 -0.3
2A 23.6 7.3 5.7 5.3 0.4
3 20 7.0 5.7 5.6 0.1

3A 18.4 7.0 5.8 6.3 -0.5
4 40 7.0 4.4 5.4 -1.0

4A 35.8 7.0 -. 7 5.6 -0.9

PLUS 3/4-IN. OVERSIZE, CLAY (CH) FINES
1 20 10.4 8.4 8.4 0.0

1A 12 10.3 9.1 8.4 0.7
2 40 10.4 65 6.9 -0.4
2A 23.6 10.3 8.0 8.0 0.0

3 20 9.8 8.0 7.3 0.7

3A 18.4 9.9 8 2 8.2 0.0
4 40 9.8 6.1 6.8 -0.7

4A 35.8 9.9 1.b 7.4 -0.8

Note: Water content of oversize ,gravel) - 0.6 percent (air-dry)
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Table 46

Prediction of Maximum Dry Unit Teight

Data Not Corrected for Equipment Size Effects

Max Density Predicted Actual Max. Predicted
Fine Density, Total Density, Total Minus

Gradation Percent Fraction Material Material Actual
No. Oversize pcf pcf pcf pcf

PLUS NO. 4 OVERSIZE, SILT (ML) FINES
1 28 127.2 136.3 139.0 -2.7
1A 20.9 127.2 133.9 135.0 -1.1
2 46 127.2 142.9 142.5 0.4
2A 31.2 127.2 137.5 138.5 -1.0
3 52 121.2 141.4 139.4 2.0

3A 51 121.2 141.0 139.2 1.8
4 64 121.2 147.1 142.2 4.9

4A 61.5 121.2 145.9 140.7 5.2

PLUS NO. 4 OVERSIZE, CLAY (CH) FINES
1 28 118.2 128.8 130.6 -1.8
1A 20.9 118.2 125.9 130.6 -4.7
2 46 118.2 136.6 137.8 -1.2
2A 31.2 118.2 130.1 133.1 -3.0
3 52 109.5 133.5 130.3 3.2
3A 51 109.5 132.9 131.7 1.2
4 64 109.5 140.6 134.9 5.7

4A 61.5 109.5 139.0 135.8 3.2

PLUS 3/4-IN. OVERSIZE, SILT (ML) FINES
1 20 131.8 137.6 139.0 -1.4
IA 12 131.8 135.2 135.0 0.2
2 40 131.8 144.0 142.5 1.5
2A 23.6 131.8 138.7 138.8 -0.1
3 20 134.3 139.8 139.4 0.4

3A 18.4 134.3 139.3 139.2 0.1
4 40 134.3 145.8 142.2 3.6

4A 35.8 134.3 144.5 140.7 3.8

PLUS 3/4-IN. OVERSIZE, CLAY (CH) FINES
1 20 123.4 130.2 130.6 -0.4
IA 12 123.4 127.4 130.6 -3.2
2 40 123.4 137.8 137.8 0.0
2A 23.6 123.4 131.5 133.1 0.4
3 20 123.7 130.5 130.3 0.2
3A 18.4 123.7 129.9 131.7 -1.8
4 40 123.7 138.1 134.9 3.2

4A 35.8 123.7 136 .4 135.8 0.6

Note: Bulk specific gravity of oversized particles (gravel) - 2.68
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Table 47

Prediction of Optimum ,ater Content

Data Not Corrected for Equipment Size Effects

Opt. Water Predicted Actual
Content Opt. Water Opt. Water Predicted

Fine Content, Total Content, Total Minus

Gradation Percent Fraction Material Material Actual

No. Oversize percent percent percent percent

PLUS NO. 4 OVERSIZE, SILT (ML) FINES
1 28 7.7 5.7 5.6 0.1

IA 20.9 7.7 6.2 5.9 0.3

2 46 7.7 4.4 4.9 -0.5
2A 31.2 7.7 5.5 5.3 0.2

3 52 10.6 5.4 5.6 -0.2
3A 51 10.6 5.5 6.3 -0.8
4 64 10.6 4.2 5.4 -1.2

4A 61.5 10.6 4.4 5.6 -1.2

PLUS NO. 4 OVERSIZE, CLAY (CH) FINES
1 28 12.7 9.3 8.4 0.9

IA 20.9 12.7 10.2 8.4 1.8

2 46 12.7 7.1 6.9 0.2

2A 31.2 12.7 8.9 8.0 0.9
3 52 15.2 7.6 7.3 0.3

3A 51 15.2 7.8 8.2 -0.4
4 64 15.2 5.9 6.8 -0.9

4A 61.5 15.2 6.2 7.4 -1.2

PLUS 3/4-IN. OVERSIZE, SILT (ML) FINES

1 20 7.6 6.2 5.6 0.6

IA 12 7.6 6.8 5.9 0.9
2 40 7.6 4.8 4.9 -0.1

2A 23.6 7.6 5.9 5.3 0.6
3 20 7.5 6.1 5.6 0.5

3A 18.4 7.5 6.2 6.3 -0.1
4 40 7.5 4.7 5.4 -0.7

4A 35.8 7.5 5.0 5.6 -0.6

PLUS 3/4-IN. OVERSIZE, CLAY (CH) FINES
1 20 10.5 8.5 3.4 0.1

IA 12 10.5 9.3 4 0.9

2 40 10.5 6.5 0.9 -0.4

2A 23.6 10.5 8.2 8.0 0.2
3 20 9.8 8.0 7.3 0.7

3A 18.4 9.8 8.1 8.2 -0.1

4 40 9.8 6.1 6.8 -0.7
4A 35.8 9.8 6.5 7,4 -0.9

Note: Water content of oversize (gravel) - 0.6 percent (air-dry)
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Table 48

Fraction Density Factors

Minus 3-in. Gradations, Data Corrected for Equipment Size Effects

GRADATION c f Ym:ax - -If- -- fmax- r

FINE FRACTION = MINUS NO.4

MINUS 3-IN.. SILT FINES
1 0.28 0.72 139.0 130.4 130.5 1.00
2 0.46 0.54 142.5 126.5 130.5 0.97
3 0.52 0.48 139.4 118.1 122.8 0.96
4 0.64 0.36 142.2 112.3 122.8 0.92

MINUS 3-IN.. CLAY FINES
1 0.28 0.72 130.6 120.4 121.3 0.99
2 0.46 0.54 137.8 119.8 121.3 0.99
3 0.52 0.48 130.3 105.1 111.2 0.95
4 0.64 0.36 134.9 100.4 111.2 0.90

FINE FRACTION MINUS 3/4-IN.

MINUS 3-IN.. SILT FINES
1 0.20 0.80 139.0 133.4 131.6 1.01
2 0.40 0.60 142.5 129.7 131.6 0.99
3 0.20 0.80 139.4 133.8 134.6 0.99
4 0.40 0.60 142.2 129.3 134.6 0.96

MINUS 3-IN.. CLAY FINES
1 0.20 0.80 130.6 123.8 122.9 1.01
2 0.40 0.60 137.8 123.3 122.9 1.00
3 0.20 0.80 130.3 123.5 125.0 0.99
4 0.40 0.60 134.9 119.5 125.0 0.96

c = percent by weight of coarse fraction expressed as decimal

f = percent by weight of fine fraction expressed as decimal

Ytmax = maximum dry unit weight of the total material

yf - calculated dry unit weight of fine fraction in the total
material using Equation (1), pcf

Yfnax = maximum dry unit weight of the fine fraction obtained in
18-in. diameter mold, pcf

r - interference coefficient or yf / yo .
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Table 49

Fraction Density Factors

Minus 2-in. Gradations, Data Corrected for Equipment Size Effects

GRADATION c f t-rax- -- f- Y-max- r

FINE FRACTION = MINUS NO.4

MINUS 2-IN.. SILT FINES
IA 0.209 0.791 135.0 128.5 130.0 0.99
2A 0.312 C.688 138.5 128.5 130.0 0.99
3A 0.51 0.49 139.2 118.5 122.8 0.96

4A 0.615 0.385 140.7 112.2 122.8 0.91

MINUS 2-IN.. CLAY FINES

1A 0.209 0.791 130.6 123.4 123.6 1.00
2A 0.312 0.688 133.1 121.8 123.6 0.99
3A 0.51 0.49 131.7 107.8 114.7 0.94
4A 0.615 0.385 135.8 104.4 114.7 0.91

FINE FRACTION = MINUS 3/4-IN.

MINUS 2-IN.. SILT FINES
1A 0.12 0.88 135.0 131.5 131.6 1.00
2A 0.236 0.764 138.8 131.9 131.6 1.00
3A 0.184 0.816 139.2 134.1 134.3 1.00

4A 0.358 0.642 140.7 129.3 134.3 0.96

MINUS 2-IN., CLAY FINES
IA 0.12 0.88 130.6 126.8 125.6 1.01

2A 0.236 0.764 133.1 125.2 125.6 1.00
3A 0.184 0.816 131.7 125.7 126.6 0.99

4A 0.358 0.642 135.8 122.9 126.6 0.97

c = percent by weight of coarse fraction expressed as decimal

f - percent by weight of fine fraction expressed as decimal

Ytrax - maximum dry unit weight of the total material, pcf

yf = calculated dry unit weight of fine fraction in the total

material using Equation (1), pcf

Yfmax - maximum dry unit weight of the fine fraction obtained in the

12-in. diameter mold, pcf

r - interference coefficient or yf / yfma
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Table 50

Fraction Density: Factors

Minus 3-in. Gradations, Data Not Corrected for Equipment Size Effects

GRADATION c f -- tmax --- f- --Xfrax r

FINE FRACTION = MINUS NO.4

MINUS 3-IN., SILT FINES
1 0.28 0.72 139.0 130.4 127.2 1.025
2 0.46 0.54 142.5 126.5 127.2 0.99
3 0.52 0.48 139.4 118.1 121.2 0.97
4 0.64 0.36 142.2 112.3 121.2 0.93

MINUS 3-IN.. CLAY FINES
1 0.28 0.72 130.6 120.4 118.2 1.02
2 0.46 0.54 137.8 119.8 118.2 0.99
3 0.52 0.48 130.3 105.1 110.0 0.96
4 0.64 0.36 134.9 100.4 110.0 J.91

FINE FRACTION = MINUS 3/4-IN.

MINUS 3-IN., SILT FINES
1 0.20 0.80 139.0 133.4 131.8 1.01
2 0.40 0.60 142.5 129.7 131.8 0.98
3 0.20 0.80 139.4 133.8 134.3 0.99
4 0.40 0.60 142.2 129.3 134.3 0.96

MINUS 3-IN.. CLAY FINES
1 0.20 0.80 130.6 123.8 123.4 1.00
2 0.40 0.60 137.8 123.3 123.4 1.00
3 0.20 0.80 130.3 123.5 123.7 1.00
4 0.40 0.60 134.9 119.5 123.7 0.97

c - percent by weight of coarse fraction expressed as decimal

f - percent by weight of fine fraction expressed as decimal

Yt.ax = maximum dry unit weight of the total material, pcf

yf - calculated dry unit weight or fine fraction in the total
material using Equation (1), pcf

Yfmax - maximum dry unit weight of the fine fraction obtained in the
6-in. diameter mold, pcf

r - interference coefficient or yf / Yfmax
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Table 51

Fraction Density Factors

Minus 2-in. Gradations. Data Not Corrected for Equipment Size Effects

GRADATION c f Y.t x- -- If- Yfmax- r

FINE FRACTION = MINUS NO.4

MINUS 2-IN.. SILT FINES
lA 0.209 0.791 135.0 128.5 127.2 1.01
2A 0.312 0.688 138.5 128.5 127.2 1.01
3A 0.51 0.49 139.2 118.5 121.2 0.98
4A 0.615 0.385 140.7 112.2 121.2 0.93

MINUS 2-IN., CLAY FINES
1A 0.209 0.791 130.6 123.4 118.2 1.04
2A 0.312 0.688 133.1 121.8 118.2 1.03
3A 0.5i 0.49 131.7 107.8 110.0 0.98
4A 0.615 0.385 135.8 104.4 110.0 0.95

FINE FRACTION = MINUS 3/4-IN.

MINUS 2-IN.. SILT FINES

1A 0.12 0.88 135.0 131.5 131.8 1.01
2A 0.236 0.764 138.8 131.9 131.8 1.00
3A 0.184 0.816 139.2 134.1 134.3 1.00
4A 0.358 0.642 140.7 129.3 134.3 0.96

MINUS 2-IN.. CLAY FINES

IA 0.12 0.88 130.6 126.8 123.4 1.03
2A 0.236 0.764 133.1 125.2 123.4 1.02
3A 0.184 0.816 131.7 125.7 123.7 1.02
4A 0.358 0.642 135.8 122.9 123.7 0.99

c - percent by weight of coarse fraction expressed as decimal

f - percent by weight of fine fraction expressed as decimal

YtMax - maximum dry unit weight of the total material, pcf

yf - calculated dry unit weight of fine fraction in the total

material using Equation (1), pcf

Yfrax - maximum dry unit weight of the fine fraction obtained in the
6-in. diameter mold, pcf

r - interference coefficient or yf / Yfmax
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Table 52

Comparison of Calculated Values of Dry Unit Weight of the Total Material

Usinz Fraction Density Factors of WES, USBR, AASHTO and NAVFAC

CALCULATED MAXIMUM DRY
FRACTION DENSITY UNIT WEIGHT

GRADATION FACTORS OF THE TOTAL MATERIAL, PCFt
WES USBR ASHTO* NAVFAC** WESit USBR AASHTO NAVFAC

FINE FRACTION IS MINUS NO.4

MINUS 3-IN., SILT FINES

1 1.02 1.00 0.98 0.98 139.0 135.9 134.2 133.4
2 0.99 0.95 0.94 0.96 142.5 138.8 138.0 137.9
3 0.97 0.93 0.92 0.96 139.4 136.0 135.1 135.8
4 0.93 0.88 0.85 0.93 142.2 139.1 136.9 139.9

MINUS 3-IN.. CLAY FINES

1 1.02 1.02 0.98 0.98 130.6 130.4 126.7 126.1
2 0.99 0.96 0.94 0.96 137.8 133.4 131.7 131.9
3 0.96 0.94 0.92 0.96 130.3 129.0 127.6 128.6
4 0.91 0.88 0.85 0.93 134.9 133.0 130.6 134.0

MINUS 2-IN., SILT FINES

IA 1.01 1.02 0.99 0.99 135.0 136.1 132.8 131.8
2A 1.01 1.00 0.97 0.98 138.5 138.0 134.4 134.2
3A 0.98 0.94 0.93 0.96 139.2 136.0 135.2 135.5
4A 0.93 0.90 0.87 0.93 140.7 138.8 136.4 139.0

MINUS 2-IN.. CLAY FINES

1A 1.04 1.00 0.99 0.99 130.6 125.9 124.8 124.0
2A 1.03 0.99 0.97 0.98 133.1 129.1 127.1 127.1
3A 0.98 0.94 0.93 0.96 131.7 128.4 127.6 128.2
4A 0.95 0.95 0.87 0.94 135.8 135.8 129.9 132.8

* The average value of the AASHTO range in fraction density factor is used

** The equivalent fraction density factor is used for the NAVFAC case

t All calculated values use the maximum dry unit weights of WES minus No.4

fractions obtained in the 6-in. mold

tt The WES calculated values of dry unit weight of the total materials are
equal to the actual values of the maximum dry unit weight because the WES
fraction density factors were derived from those values.
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Table 53

Corrected Density Interference Coefficients

Based on the Minus No.4 Fraction*

SILT (ML) FINES

MAXIMUM Percent yf** INTERFERENCE
GRADATION PARTICLE Gravel -NO.4 Yfmax COEFFICIENT

NO. SIZE, IN. _ _P8 pcf pcf ____ _C

lB 3/4-in. 10 128.8 127.2 2.68 3.778
1A 2-in. 20.9 128.4 130.0 2.68 1.764
1 3-in. 28 130.4 130.5 2.68 1.332

2A 2-in. 31.2 128.5 130.0 2.68 1.182
3B 3/4-in. 40 118.6 121.2 2.68 0.913
2 3-in. 46 126.6 130.5 2.68 0.787
3A 2-in. 51 118.5 122.8 2.68 0.706
3 3-in. 52 118.1 122.8 2.68 0.690

4A 2-in. 61.5 112.1 122.8 2.68 0.554

4 3-in. 64 112.0 122.8 2.68 0.532

CLAY (CH) FINES

1B 3/4-in. 10 119.9 118.2 2.68 3.785
1A 2-in. 20.9 123.4 123.6 2.68 1.782
1 3-in. 28 120.3 121 .3 2 .68 1.322

2A 2-in. 31.2 121.7 123.6 2.68 1.178
3B 3/4-in. 40 105.4 109.5 2.68 0.898

2 3-in. 46 119.8 121.3 2.68 0.801

3A 2-in. 51 107.8 114.7 2.68 0.688
3 3-in. 52 105.1 111.2 2.68 0.678
4A 2-in. 61.5 98.7 114.7 2.68 0.522

4 3-in. 64 100.3 111.2 2.68 0.526

Maximum dry unit weight of the minus No.4 fraction determined in same

size mold as for the total material (see Table 25)

** yf of the minus No.4 fraction determined from Equation (1) using the

maximum dry unit weight of the total material
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Table 54

Uncorrected Densit; Inzerference Coefficients

Based on the Minus No.4 Fraction*

SILT (ML) FINES

MAXIMUM Percent yf** INTERFERENCE
GRADATION PARTICLE Gravel -NO.4 Yfmax COEFFICIENT

NO. SIZE, IN. _P Rcf pcf I,

1B 3/4-in. 10 128.8 127.2 2.68 3.778
IA 2-in. 20.9 128.5 127.2 2.68 1.804
1 3-in. 28 130.4 127.2 2.68 1.366
2A 2-in. 31.2 128.5 127.2 2.68 1.208
3B 3/4-in. 40 118.6 121.2 2.68 0.913
2 3-in. 46 126.5 127.2 2.68 0.807
3A 2-in. 51 118.4 121.2 2.68 0.715
3 3-in. 52 118.1 121.2 2.68 0.699
4A 2-in. 61.5 112.3 121.2 2.68 0.562
4 3-in. 64 112.0 121.2 2.68 0.539

CLAY (CH) FINES

lB 3/4-in. 10 119.9 118.2 2.68 3.785
IA 2-in. 20.9 123.4 118.2 2.68 1.864
I 3-in. 28 120.3 118.2 2.68 1.356
2A 2-in. 31.2 121.8 118.2 2.68 1.232
3B 3/4-in. 40 105.4 109.5 2.68 0.898
2 3-in. 46 119.8 118.2 2.68 0.822
3A 2-in. 51 105.7 109.5 2.68 0.706
3 3-in. 52 105.1 109.5 2.68 0.689

4A 2-in. 61.5 104.3 109.5 2.68 0.578
4 3-in. 64 100.5 109.5 2.68 0.535

* Maximum dry unit weight of the minus No.4 fraction determined in the

6-in. diameter mold (see Table 25)

** yf of the minus No.4 fraction determined from Equation (1) using the
maximum dry unit weight of the total material
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Table 55

Corrected Density Interference Coefficients

Based on the Minus 3/4-in. Fraction*

SILT (ML) FINES

MAXIMUM Percent yf** INTERFERENCE
GRADATION PARTICLE Gravel -NO.4 Yfmax COEFFICIENT

NO. SIZE, IN. P9- pcf pcf G

1A 2-in. 20.9 131.5 131.6 2.68 1.784
i 3-in. 28 133.3 131.6 2.68 1.350
2A 2-in. 31.2 131.5 131.6 2.68 1.195
2 3-in. 46 129.8 131.6 2.68 0.800
3A 2-in. 51 134.2 134.3 2.68 0.731
3 3-in. 52 133.7 134.6 2.68 0.713
4A 2-in. 61.5 129.3 134.3 2.68 0.584
4 3-in. 64 129.3 134.6 2.68 0.560

CLAY (CH) FINES

1A 2-in. 20.9 126.8 125.6 2.68 1.803
1 3-in. 28 123.8 122.9 2.68 1.342
2A 2-in. 31.2 125.2 125.6 2.68 1.192
2 3-in. 46 123.3 122.9 2.68 0.814
3A 2-in. 51 125.6 126.6 2.68 0.726
3 3-in. 52 123.5 125.0 2.68 0.709
4A 2-in. 61.5 122.9 126.6 2.68 0.589
4 3-in. 64 119.4 125.0 2.68 0.557

Maximum dry unit weight of the minus 3/4-in. fraction determined in

same size mold as the total material (see Table 23)

** yf of the minus No.4 fraction determined from Equation (1) using the

maximum dry unit weight of the total material
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Zable 56

Uncorrected Density Interference Coefficients

Based on the Minus 3/4-in. Fraction*

SILT (ML) FINES

MAXIMUM Percent yf** INTERFERENCE
GRADATION PARTICLE Gravel -NO.4 Yfmax COEFFICIENT

NO. SIZE, IN. Pg pcf pcf . ____

1A 2-in. 20.9 131.6 131.8 2.68 1.782
1 3-in. 28 133.3 131.8 2.68 1.348
2A 2-in. 31.2 131.5 131.8 2.68 1.193
2 3-in. 46 129.7 131.8 2.68 0.798
3A 2-in. 51 134.2 134.3 2.68 0.731
3 3-in. 52 133.8 134.3 2.68 0.715
4A 2-in. 61.5 129.3 134.3 2.68 0.584
4 3-in. 64 129.2 134.3 2.68 0.561

CLAY (CH) FINES

1A 2-in. 20.9 126.8 123.4 2.68 1.835
I 3-in. 28 123.8 123.4 2.68 1.337
2A 2-in. 31.2 125.2 123.4 2.68 1.213
2 3-in. 46 123.4 123.4 2.68 0.811
3A 2-in. 51 125.6 123.7 2.68 0.743
3 3-in. 52 123.4 123.7 2.68 0.716
4A 2-in. 61.5 122.9 123.7 2.68 0.603
4 3-in. 64 119.4 123.7 2.68 0.563

Maximum dry unit weight of the minus 3/4-in. fraction determined in the
6-in. diameter mold (see Table 23)

** yf of the minus No.4 fraction determined from Equation (1) using the
maximum dry unit weight of the total material
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Table 57

Uncorrected Density Interference Coefficients

Based on the Minus No.4 Fraction

Data From Garza and Madureira (1985)

TEST MAXIMUM Percent Yf INTERFERENCE
SERIES PARTICLE Gravel -NO.4 Yffmax COEFFICIENT

NO.* SIZE, IN. p9- pcf pcf -G, __It

STANDARD EFFORT

I 3/4-in. 30 116.6 119.8 2.59 1.253
1 40 113.9 119.8 2.59 0.918
1 50 109.4 119.8 2.59 0.705
1 60 103.9 119.8 2.59 0.558
1 70 91.9 119.8 2.59 0.423
2 1-1/2-in. 30 113.6 117.3 2.59 1.247
2 40 112.2 117.3 2.59 0.923
2 50 109.4 117.3 2.59 0.720
2 60 103.9 117.3 2.59 0.570

INTERMEDIATE EFFORT

3 3/4-in. 30 121.2 119.8 2.59 1.302
3 40 117.2 119.8 2.59 0.944
3 50 112.8 119.8 2.59 0.727
3 60 106.9 119.8 2.59 0.574
4 3/4-in. 30 120.4 124.8 2.59 1.242
4 40 117.1 124.8 2.59 0.906
4 50 114.7 124.8 2.59 0.710

4 60 110.9 124.8 2.59 0.572
4 65 107.2 124.8 2.59 0.510
4 70 100.5 124.8 2.59 0.444
5 1-1/2-in. 30 121.2 121.7 2.59 1.282
5 40 120.5 121.7 2.59 0.956
5 50 115.7 121.7 2.59 0.734
5 60 111.0 121.7 2.59 0.587
6 1-i/2-in. 30 119.6 122.3 2.59 1.259
6 40 118.8 122.3 2.59 0.938
6 50 112.9 122.3 2.59 0.713
6 60 109.8 122.3 2.59 0.578
6 70 102.7 122.3 2.59 0.463
7 3-in. 30 118.1 126.0 2.59 1.206
7 40 118.4 126.0 2.59 0.907
7 50 117.5 126.0 2.59 0.720
7 60 112.6 126.0 2.59 0.575

(Continued)
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Table 57 (Concluded)

TEST MAXIMUM Percent Yf INTERFERENCE
SERIES PARTICLE Gravel -NO.4 Yfmax COEFFICIENT

NO.* SIZE, IN. Ps- pcf pcf 1____

7 3 -in. 70 105.3 126.0 2.59 0.461
8 3-in. 30 119.6 122.9 2.59 1.253
8 a¢ 117.1 122.9 2.59 0.920
8 50 113.8 122.9 2.59 0.715
8 60 111.9 122.9 2.59 0.586
8 70 104.9 122.9 2.59 0.471

MODIFIED EFFORT

9 3/4-in. 30 123.5 126.7 2.59 1.255
9 40 122.2 126.7 2.59 0.931
9 70 101.8 126.7 2.59 0.443

10 l-l/2-in. 30 123.4 131.0 2.56 1.227
10 40 119.6 131.0 2.56 0.892
10 50 117.4 131.0 2.56 0.700
10 60 109.9 131.0 2.56 0.546
10 65 107.2 131.0 2.56 0.492
10 70 101.4 131.0 2.56 0.432
11 1-1/2-in. 30 119.7 124.2 2.59 1.240
11 50 116.4 124.2 2.59 0.724
11 65 107.3 124.2 2.59 0.513
12 3-in. 40 119.5 128.5 2.59 0.898
12 50 115.5 128.5 2.59 0.694
12 60 114.0 128.5 2.59 0.571
12 65 111.6 128.5 2.59 0.516
12 70 105.1 128.5 2.59 0.451

* The minus No.4 material was different for each test series with respect
to Atterberg limits, specific gravity of solids and percent finer than
the No. 200 sieve
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Table 58

Density Interference Coefficients Based on the Minus No.4 Fraction

Data from Donaghe and Townsend (1975) and USBR (1963)

Percent y INTERFERENCE
Gravel -NO.4 Yfmax COEFFICIENT

__acf pcf _ _ _ _

DONAGHE AND TOWNSEND. MINUS 3-IN.

UNCORRECTED DATA. (see Table 6)
10 132.6 132.0 2.58 3.894
20 131.0 131.0 2.58 1.938
30 129.0 128.5 2.58 1.297
40 125.9 127.0 2.58 0.961
50 119.3 124.8 2.58 0.741

60 108.6 119.3 2.58 0.588

DONAGHE AND TOWNSEND, MINUS 3/4-IN. SCALPED/REPLACED

UNCORRECTED DATA. (see Table 6)
10 131.0 132.0 2.58 3.847
20 126.9 131.0 2.58 1.877

30 122.9 128.5 2.58 1.236
40 116.6 127.0 2.58 0.890
50 111.7 124.8 2.58 0.694
60 100.1 119.3 2.58 0.542

DONAGHE AND TOWNSEND, MINUS 3-IN.. VARIABLE FINES

UNCORRECTED DATA. (see Table 6)

PERCENT FINES - 15.0 40 131.4 132.1 2.58 0.964

PERCENT FINES - 25.0 40 126.0 127.0 2.58 0.961

PERCENT FINES - 35.0 40 119.6 121.5 2.58 0.954

DONAGHE AND TOWNSEND, MINUS 3/4-IN. SCALPED/REPLACED
VARIABLE FINES, UNCORRECTED DATA, (see TabIe_...)

PERCENT FINES - 15.0 40 121.6 132.1 2.58 0.892

PERCENT FINES - 25.0 40 116.6 127.0 2.58 0.890

PERCENT FINES - 35.0 40 110.7 121.5 2.58 0.883

USBR, CORRECTED DATA

MINUS 3/8-IN. 16.7 130.4 133.1 2.62 2 2.0

MINUS 3/4-IN. 28.6 128.4 133.1 2 .62 1 288

MINUS 1-1/2-IN. 41.2 125.3 133.1 2.62 j.872

MINUS 3-IN. 50 122.6 133.1 2.62 0.703

USBR. UNCORRECTED DATA

MINUS 3/8-IN. 16.7 130.4 124.0 2.62 2.404

MINUS 3/4-IN. 28.6 128.5 124.0 2.62 1.383

MINUS 1-1/2-IN. 41.2 125.8 124.0 "'62 0.940

MINUS 3-IN. 50 123.0 124.0 2.62 0.757
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Table 59

Uncorrected Densit; Interference Coefficients

Based on the Minus No.4 Fraction

Data From Cordon, H&:,,mond and Miller (1964)

MAXIMUM Percent yf INTERFERENCE

TEST PARTICLE Gravel -NO.4 Y fmax COEFFICIENT
NO.* SIZE, IN, --26 pcf pc f __G"** IC__

1-4043 3/4-in. 35 121.5 126.6 2.79 0.983

1-1/2-in. 50 116.7 126.6 2.79 0.661

4-in. 62 112.3 126.6 2.80 0.511

1-4044 3/4-in. 24 120.5 124.3 2.79 1.448

1-1/2-in. 34 119.1 124.3 2.79 1.010

4-in. 43 113.7 124.3 2.80 0.760

1-4045 3/4-in. 18 121.1 122.0 2.79 1.976

1-1/2-in. 26 120.5 122.0 2.79 1.362

4-in. 35 116.2 122.0 2.80 0.972

1-4046 3/4-in. 21 125.0 123.0 2.79 1.735

1-1/2-in. 32 121.3 123.0 2.79 1.105

4-in. 42 112.5 123.0 2.80 0.778

1-4047 3/4-in. 25 117.7 118.7 2.79 1.422

1-1/2-in. 38 116.2 118.7 2.79 0.923

4-in. 50 109.0 118.7 2.80 0.656

1-4047A 3/4-in. 25 118.4 119.4 2.79 1.422

1-1/2-n. 38 117.0 119.4 2.79 0.924

4-in. 50 107.1 119.4 2.80 0.641

1-4048 3/4-in. 30 123.1 128.0 2.79 1.149

1-1/2-in. 44 121.0 128.0 2.79 0.770

4-in. 58 111.4 128.0 2.80 0.536

* See Table I for basic test data

** Bulk specific gravities of gravel fractions were variable (see Table 2)

A weighted value was calculated based on approximate percentage of each

fraction contained in each material grading group (see Table 2 and

Figure 8)
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Table 60

Uncorrected Optimum Water Content Factor

Based on the Minus No.' Fraction

SILT (ML) FINES

MAXIMUM Percent w ; * w pt** OPTIMUM WATER
GRADATION PARTICLE Gravel CONTENT FACTOR

NO. SIZE IN. _P__ percent percent F pt-

IB 3/4-in. 10 7.7 7.6 10.132
IA 2-in. 20.9 7.7 5.9 6.244
1 3-in. 28 7.7 5.6 4.911
2A 2-in. 31.2 7.7 5.3 4.656
3B 3/4-n. 40 10.6 7.5 3.533
2 3-in. 46 7.7 4.9 3.416
3A 2-in. 51 10.6 6.3 3.299
3 3-in. 52 10.6 5.6 3.640
4A 2-in. 61.5 10.6 5.6 3,078
4 3-in. 64 10.6 5.4 3.067

CLAY (CH) FINES

1B 3/4-in. 10 12.7 10.5 12.095
IA 2-in. 20.9 12.7 8.4 7.234
1 3-in. 28 12.7 8.4 5.400
2A 2-in. 31.2 12.7 8.0 5.088
3B 3/4-in. 40 15.2 9.8 3.878
2 3-in. 46 12.7 6.9 4.001
3A 2-in. 51 15.2 8.2 3.635
3 3-in. 52 15.2 7.3 4.004
4A 2-in. 61.5 15.2 7.4 3.340

4 3-in. 64 15.2 6.8 3.493

Optimum water content of the minus No.4 fraction determined in the

6-in. diameter mold. (see Table 36)

** Optimum water content of the total material (see Table 36)
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Table 61

Uncorrected Optimum Water Content Factor

Based on the Minus 3'4-in. Fraction

SILT (ML) FINES

MAXIMUM Percent wzptf* w 0pr** OPTIMUM WATER
GRADATION PARTICLE Gravel CONTENT FACTOR

NO. SIZE, IN ---Ps- percent Percent Fopt-

IA 2-in. 20.9 7.6 5.9 6.163
I 3-in. 28 7.6 5.6 4.847
2A 2-in. 31.2 7.6 5.3 4.596
2 3-in. 46 7.6 4.9 3.372
3A 2-in. 51 7.5 6.3 2.334
3 3-in. 52 7.5 5.6 2.576
4A 2-in. 61.5 7.5 5.6 2.178
4 3-in. 64 7.5 5.4 2.170

CLAY (CH) FINES

1A 2-in. 20.9 10.5 8.4 5.981
1 3-in. 28 10.5 8.4 4.464
2A 2-in. 31.2 10.5 8.0 4.207
2 3-in. 46 10.5 6.9 3.308
3A 2-in. 51 9.8 8.2 2.343
3 3-in. 52 9.8 7.3 2.582
4A 2-in. 61.5 9.8 7.4 2.153
4 3-in. 64 9.8 6.8 2.252

Optimum water content of the minus 3/4-in. fraction determined in the

6-in. diameter mold. (see Table 36)

** Optimum water content of the total material (see Table 36)
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Table 62

Uncorrected Optimum Water Content* Factor

Based on the Minus No. 4 Fraction

Data From USBR (1963). Donaghe and Tomsend (1975) and

Garga and Madureira (1985)

Percent Waptf** woptt*** OPTIMUM WATER
Gravel CONTENT FACTOR

__Ps__ percent percent F p__-

DONAGHE AND TOWNSEND, MINUS 3-IN.

10 8.2 6.7 12.239
20 8.6 6.1 7.049
30 9.3 5.7 5.439
40 9.8 5.9 4.152
50 10.5 5.8 3.621
60 11.9 5.2 3.814

USBR. UNCORRECTED DATA

MINUS 3/8-IN. 16.7 10.5 7.8 8.061
MINUS 3/4-IN. 28.6 10.5 7.1 5.171
MINUS 1-1/2-IN. 41.2 10.5 6.5 3.921
MINUS 3-IN. 50 10.5 6.2 3.387

GARGA AND MADUREIRA. MINUS 1-1/2-IN.

30 14.6 10.7 4.548
40 14.6 9.7 3.763
50 14.6 8.4 3.476
60 14.6 7.3 3.333

• Standard Effort
•* Optimum water content of the minus No.4 fraction determined in 4-in.

diameter mold
• ** Optimum water content of the total material
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Table 63

Uncorrected Optimum Water ConTenT* Factor

Based on the Minus No. 4 Fraction

Data From Gordon. Hammond and Miller (1964)

MAXIMUM Percent woptf** woptt*** OPTIMUM WATER

GRADATION PARTICLE Gravel CONTENT FACTOR
NO. SIZE. IN. Pg_ percent percent Fpt-

1-4043 3/4-in. 35 12.2 9.1 3.830
1-1/2-in. 50 12.2 7.7 3.169

4-in. 62 12.2 7.7 2.556

1-4044 3/4-in. 24 13.0 11.3 4.794
1-1/2-in. 34 13.0 9.9 3.862
4-in. 43 13.0 9.5 3.182

1-4045 3/4-in. 18 13.3 11.7 6.315
1-1/2-in. 26 13.3 10.6 4.826
4-in. 35 13.3 8.3 4.578

1-4046 3/4-in. 21 13.2 11.1 5.663
1-1/2-in. 32 13.2 9.6 4.297
4-in. 42 13.2 9.8 3.207

1-4047 3/4-in. 25 15.0 12.0 5.000
1-1/2-in. 38 15.0 10.1 3.908
4-in. 50 15.0 9.6 3.125

1-4047A 3/4-in. 25 14.6 11.3 5.168

1-1/2-n. 38 14.6 9.8 3.920

4-in. 50 14.6 9.9 2.949

1-4048 3/4-in. 30 11.5 9.0 4.259

1-1/2-in. 44 11.5 7.9 3.308

4-in. 58 11.5 8.0 2.478

* Standard Effort

** Optimum water content of the minus No.4 fraction determined in 4-in.

diameter mold
*** Optimum water content of the total material
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density (After Gordon, Hammond and Miller, 1965)
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130- , ECURVE E
0 SCALPED +2-IN. AND +3/4-IN.

CURVE F MATERIAL WAS REPLACED BY EQUAL
WEIGHT OF 2-IN. TO NO.4 AND

rD 3/4-IN. TO NO.4. RESPECTIVELY.

125

aCURVE D j  ,

120 I"

>_ 115- CURV A;\ "(

110- A/x'' CURVE C \\

- --- HAND RAMMER

MECHANICAL COMPACTOR

105 .. , , 1 ,
5 10 15 20

WATER CONTENT, PERCENT

HAND RAMMER MECHANICAL COMPACTOR

SYMBOL A O 0 0 A 0

MOLD DIAMETER, IN. 4 6 6 12 18 18

MAXIMUM PARTICLE

SIZE NO.4 3/4" 3/4" 2" 3" 3/4"

OPTIMUM WATER CONTENT

PERCENT 14.2 10.8 10.3 8.9 8.7 9.5

MAXIMUM DRY DENSITY

PCF 117.0 122.4 123.6 127.3 127.9 125 8

Figure 27. Compaction curves, DeGray clayey sandy gravel compacted by

hand-held rammer and mechanical compactor

(After Donaghe and Townsend, 1963)
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DEGRAY DAM MATERIAL
GRAVEL CONTENT = 471 3 0 -- ,,,,,,,, I , I ,,,,,IF,,,, ,,,II, ,,, III I

FULL-SCALE GRADATIONMINUS 3- N. _8.7
18-IN. MOLD 8.9

9.5" SCALPED/REPLACED
M IN U S 2 !N .-

125 1 2- 1N. MOLD

. 1 0.3 SCALPED/REPLACED
MINUS 3/4-IN.
18-IN. MOLD

,o 10.8
a- SCALPED/REPLACED

. MINUS 3/4-N.
6-IN. MOLD

- 120
z

MINUS NO.4 FRACTION
4-IN. MOLD

03 14.2

115
"5X n3 MECHANICAL COMPACTOR

, HAND-HELD RAMMER

16.4110 
-

MINUS NO.4 DENS17Y AND WATER
CONTENT PRED!CTED BY APPLY!NG
EQUATIONS (1) AND (2) TO THE
FULL-SCALE GRADATION DATA

NOTE: NUMBERS BESIDE DATA POINTS
ARE OPTIMUM WATER CONTENTS.

10 5 -j1 '1111111 '111 '''I ' I II'II '''I I I I

0 1 2 3 4
MAXIMUM PARTICLE SIZE

Figure 28. Comparisons of maximum dry densities and optimum water
contents for full-scale and scalped/replaced specimens,

DeGray clayey sandy gravel
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TEST GRADATIONS

SIEvC OPENINGS -- SiEVE NUIU8CRS3 3/4 4 10 40 200
00 0

II I I '- % G
80 ,\

-20Sot I II 20:

W I ,,j
a. I I I20f V1 6

z I
z.S 60 G0C .4 0

I- z I I

0.0
201-0C

01 I 100I GRAVEL------ SAND - * FINES-

140-

'35

40% G, (1V MOLD)

-J
- 130
M0 0% G, (1V MOLD)

40% G, (6 MOLD)I- \

S125-

Z 0 G, (6" MOLD)

120 GRAVEL CONTENT. (r-. 25%1

0 40
6' MOLD 184 MOLD 6 MOLC t8 MOLD

OPT W. % S.6 6.9 7.9 7.3
MAX. LB/FT 3 130.9 133.9 131.1 134.1

l I I I I I
2 4 6 a i0 12

WATER CONTENT 07o

Figure 32. Compaction curves for tests to determine effects of varying
mold diameter (After Donaghe and Townsend, 1975)
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TEST GRADATIONS
SIEVE OPNINGS- SIEVE NU BERS -

3 3/4 4 10 40 200

8 0° 1% 1 1
= 8o-, i 314 ', oz 314 !MAX I

cc ., 1 1. --. 0 a o
• o I oz

w InI

z. I I w
- 0 I I 0o

6S0- 3" 1AX 1
400

Z I

I I O

140-

IL
20I

0~ I 100
k-GRAY EL------ SAND -4 -- PINECS-

dD

. 10- 1,r MAX .APEDII,

SCAL0 SECECINN
1- 31 5 C.

3/4 3

OPT w. % 7.3 5.9
MAX. ")d' LIB/FT3 134.1 38.0

2 4 6 S A0 12

WATER CONTENT) 67a M

Figure 33. Compaction curves for tests to determine effect of removal
and replacement of oversize particles (After Donaghe and Towneend,1975)
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TEST GRADATIONS
VSIEVE OPENINGS - SIEVE NUMBERS -

3/4 4 10 40 Zoo0

60, C,'i20n
100 20 cc

. 4II 4 0

z soII- 
4
OoG*''

U. 40-1 60%, " 'G. I. Go ,0z

z 0 - I -
w ' I

0  , 1, I 00

VSA0

140 -

""% G 0lG

10 10

130 20 G r35Ip.

I-

12?5
).- NOTE: TESTS PERFORMEO USING S-IN -01AM MOLD. AND
z MECHANICAL COMPACTOR.

GRAVEL CONTENT.,

120 0 10 20 30 40 50 60 100

OPT W, % 6.9 6.7 6.1 5.7 5.9 5.8 5.2 -
MAX. -,. L.a/FT3 133.9 135.0 136.1 137.2 136.0 137.1 134.9 112.0

SINGLE POINT TEST PERFORMED ON DRY MATERIAL.

II I I I I J

2 4 6 a 10 IZ
WATER CONTENT, OF.

Figure 34. Compaction curves for tests conducted on full-scale
specimens having variable gravel contents

(After Donaghe and Townsend, 1975)
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160 ,

NOTE: DATA POINT AT ZERO PERCENT GRAVEL
SHOWN ONLY TO INDICATE TREND IN DENSITY
AT VERY LOW GRAVEL CONTENT

150-
MINUS 3-IN.
FULL-SCALE GRADATIONS

0O MECHANICAL COMPACTOR

a? 140

z
LU I

>- 130
0

~~MINUS /4-IN. \\
120 SCALPED/REPLACED

1 10 [3 HAND-HELD RAMMER DATA
MECHANICAL COMPACTOR DATA

0 20 40 60 80 10

GRAVEL CONTENT IN PERCENT

Figure 35. Comparison of full-scale and minus 3/4-in. scalped and
replaced maximum dry densities for gradations with variable

gravel content (After Donaghe and Townsend, 1975)
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TEST GRADATIONS

0 SlEVE OPENIN SI SIEVE NUMBERS
3 3/4 ,4 to 40 200

8020 (x

z II ,z 60 I40

Iw6 I I
I 4I I

Go 0

40 
I

I I 'I .
I I I0

GRAVEL :- SAN0 I,NES-
14000

40-
NOTE: TESTS PERFORMED USING 6-IN.-OIAM MOLD.

135

-J
-130

I.-\

I. 125

Cr

GRAVEL CONTENT.120-
0 10 20 30 40 50 60 100

OPT W, 8.6 7.7 8.1 S.! 7.9 7.8 9.5 -"

MAX. _Y LB/FT 3 130.9 133.5 132.5 132.3 131.1 131.9 129.S '03.6

. SINGLE POINT TEST PERFORMED ON DRY MATERIAL.

1 1 5 , I I I II
2 4 a a 10 12

WATER CONTENT, 07.

Figure 36. Compaction curves for small-scale tests conducted on
specimens having scalped and replaced coarse particles with

variable gravel contents, mechanical compactor
(After Donaghe and Townsend, 1975)



TEST GRADATIONS

-SIEVE OPENINGS4--I-- SIEVE NUMBSERS-
3 3/4 4 10 40 200

100 - 1

80 1 1 I 0 "

SM"

I II I

z 6- 400

z Sft

4 0 - 0, , 60 z," IIZ

~ 01 10o
I -

I I . I O

G--- GRAVEL-. SANO - F---INES-

140-

NOTE: TESTS PERFORMED USING 6-IN.-OIAM MOLO.

135

1-

-J
.130-

*8

~20% G,

,2 - 0% 0 G

GRAVEL CONTENT.

12 0 0 10 20 30 0 so 60 0 0

OPT W. 0.80 7. ( 7.9 7.9 7.9 8.0 9.2 -".

M~x. )', , 1_8 FT3 132.6 132.3 131.8 132.0 132.0 129.3 120.5 101.2

.SINGLE POINT TEST PERFORMED ON DRY MATERIAL..

115 1 1 1 1 1
2 4 6 8 10 12

WATER CONTENT, e?*

Figure 37. Compaction curves for small-scale tests conducted on
specimens having scalped and replaced coarse particles with

variable gravel contents, hand-held rammer
(After Donaghe and Townsend, 1975)
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12'

DEVIATION IN MAX. DRY DENSITY IS
11- DIFFERENCE BETWEEN FULL-SCALE

AND COMPANION SCALPED/REPLACED
S10- TESTS. THE FULL-SCALE DATA WAS .

a- CONSISTENTLY HIGHER.

9-

z 8-
U

o,
00

6-
< /

2E 5- ,
z/

Z /

Z 0 DEVIATIONS BASED ON
0 SMOOTHED CURVES OF

/ FIGURE 35
2-

0
MAXIMUM PARTICLE SIZE OF

1- SCALPED/REPLACED GRADATIONS
WAS 3/4-N.

0- 1 1 1 1 1 I

0 20 40 60 80 100
GRAVEL CONTENT IN PERCENT

Figure 38. Deviation of scalped/replaced maximum dry densiti.es

from those of corresponding full-scale gradations

(data from Donaghe and Townsend, 1975)



TEST GRADATIONS

h-SICVE OPENINGS.-.---- SIEvE NUMB(RS
100 3 / A1 40 200

I

80 20

z
I6 400

z5 -
U 

4 0  
I 0 Z

4I 1-4 &0 Z.

I I I,1100

GRAVIELC L-- SAND -t--FI NES-

MINUS No. 4 FRACTIONS OF FULL.-SCALE SAMPLES
.AVING GRAVEL CONTENTS OF

140- ,0. 20% 30% 40% . SO% 60%

CULVE NO. 1 2 3 4 S 6
OPT, W. % 6 2 a 6 9 3 9gi to's 119
MAX. 'Y.LI FT 3 '32.0 1310 128.5 1270 124 S 119 3

135 NOTE TEST PERFORMEO USING 4-IN. OIAM MOLO.

_-

130
,.1

• 212 -

120

li I 16

4 10 12 .4
WATER CONTENT1 ee

Figure 39. Compaction curves for tests on minus No.4 fractions
of full-scale sample series in which gravel content was varied;

hand-held rammer (After Donaghe and Townsend, 1975)
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160 -

NOTE: DIFFERENCES AT ZERO PERCENT GRAVEL
CONTENT RESULT FROM DIFFERENCES IN MOLD
SIZES AND MECHANICAL VERSUS HAND-HELD
RAMMER

150 FULL-SCALE PREDICTED FROM
MINUS NO. 4 FRACTION -

140

130

>- 120

"~MINUS NO. FRCTO
110 * FRACTION

MINUS NO. 4 FRACTION
PREDICTED FROM FULL-SCALE

100' ' ' ' i

0 20 40 60 80 1O0
FULL-SCALE GRAVEL CONTENT, x

Figure 40. Experimental and theoretical relationships between
maximum dry unit weight and gravel content utilizing full-scale
and minus No.4 fraction data (After Donaghe and Townsend, 1975)
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160-

NOTE: HAND-HELD RAMMER DATA SHOWN FOR
SCALPED/REPLACED SPECIMENS

150
SCALPED/REPLACED PREDICTED FROM
MINUS NO. 4

140

SCALPED/REPLACED

UZ 130-

2120-

~110- IU O
*~ FRACTION

100-

MINUS NO. 4 PREDICTED FROM
SCALPED/REPLACED

6 040 60 80 100
SCALP ED/REP LACED GRAVEL CONTENT,

Figure 41. Experimental and theoretical relationships between
maximum dry unit weight and gravel content utilizing scalped

and replaced and minus No.4 fraction data
(data from Donaghe and Townsend, 1975)
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MINUS NO. 4 PRED 'C7ED
FROM FUJL L -S A L:7

12-

MINUS NO. 4 FRAC7:ON
4-IN, MOLD/

zi11

Uj

10- MECHANICAL
COMPAC7OR

zI
LLU

0
0/

LUJ MINUS 3/4-N.
SCALPED/REPLACED

MINUS 3-iN.6- FU LL -SCALE
18 iN. MO0LD

5- FULL-SCALE
PREDICTED FROM0
MINUS NO. 4O

4-
0 20 40 60 80 100

GRAVEL CONTENT, PERCENT
Figure 42. Experimental and theoretical. relationships between

optimum water content and gravel content
(data from Donaghe and Townsend, 1975)
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TEST GRADATIONS

KSIEVE OPENIN S4- SIEVE NUMBERS --
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I I
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z i0 -4 It
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LI 40 1

20 1 1 S F, 1 80 g.

01 I 1I00

145-
NOTE: TESTS PERFORMED USING 1S.IN.OIAM MOLD.

140-

-j

35 F,

1~30

25 FINES CONTENT.
I r =40%)

15%. 25". 35"

OPT W, %4.9 5.9 7.5

MAX. - .L.B FT 141.19 38.0 133.3

120 1 1
2 4 6 a 10 '2

WATER CONTENT I7.~

Figure 43. Compaction curves for large-scale tests conducted on
full-scale specimens having variable fines content

(After Donaghe and Townsisid, 1975)



TEST GRADATIONS

SIEVE OPNINGS - - SIEVE NUMBERS -
3 3/4 4 10 40 200
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20I 1 600.Q
I I i15% Fi

0o I I100

I---GRAvEL------ SAND-4-INs..

140-
NOTE: TESTS PERFORMEO USING 6-IN.-OIAM MOLD.

135 - 5% F1

d-

13o

-25 12

35% Fi

0

FINES CONTENT.120 -e4% 120 - (Gr = 40%.1

15% 25% 35%

OPT W, % 7,4 7.9 9.4

MAX. "d ,LB/FT3 134.8 131.1 126.6

t15 I I I I I
2 4 6 S 10 12

WATER CONTENT. e7*

Figure 44. Compaction curves for small-scale tests conducted on
specimens having scalped and replaced coarse particles with
variable fines content (After Donaghe and Townsend, 1975)
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TEST GRADATIONS

SIE-VE OPENINGS.4-.. SIEVE NUMBERS
3 3/4 4 10 40 200100

60- 1 t0

4 0 2 -60
Q"I I

3s So 6

20 I 4 0

[ , I 1 100
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140- MINUS NO. 4 FRACTION
S 

OF
FULL-SCAL.E SAMPLES HAVING
FINES CONTENTS O1F
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O T w. -I 9.8 11 ,

1 5 M A X . • dL P. T 
3  
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00~

z

120 '

3

0 OTEL TESTS PERFOMED USING 4 -IN. OIAM MOLD

1i 5 1 1 1 1 1 -
4l 6 t 0 12 14

WATER CONTEN e

Figure 45. Compaction curves for tests conducted on minus No.4
fractions of full-scale sample **rises in which fines content was
varied; hand-held rammer (After Donaghe and Townsend, 1975)



145

%< - FULL-SCALE PREDICTED FROM'A40_NLI NINU
MINUS NO. 4 FRACTION

140,, FULL-SCALE F S E

135-

z
SCALPED/REPLACED

>- 130-

9 125-X \ " ,, -. M IN U S N O . 4
I k ,FRACTION

MINUS NO.4 PREDICTED

120 FROM FULL-SCALE-

NOTE: GRAVEL CONTENT OF FULL-SCALE SPECIMENS
WAS 40 PERCENT; SCALPING/REPLACEMENT
WAS ON THE 3/4-IN. SIEVE.

115-11.
0 10 20 30 40 50

FINES CONTENT, PERCENT

Figure 46. Experimental and theoretical relationships between
maximum dry unit weight and fine, content

(After Donaghe and Townsend, 1975)
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VINUS NO. 4 PREDICTEDFROM FULL-SCALE /
12- Z/

z 11-
U
C)INUS NO. 4

4-1I. MOLD
u-i0_0j

10-

z
Z9
0

IX MINUS 3/4-iN.
Lii SCALPED/REPLACED

8- 6-IN. MOLD

.7-
MINUS 3-!N.
FULL-SCALE

o 18-IN. MOLD

6 -FULL-SCALE
PREDICTED FRCM

MINUS NO. 4

5-

NOTE: GRAVEL CONTENT OF FULL-SCALE SPEC!VENS
WAS 40 PERCENT; SCALPING/REPLACEMENT
WAS ON THE 3/4-N. SIEVE.

4 - I 1 1
0 10 20 30 40 50

FINES CONTENT, PERCENT
Figure 47. Experimental and theoretical relationships between

optimum water content and fines content
(Data from Donaghe and Townsend, 1975)
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DATA FROM GARGA AND MADUREIRPA (1985)
INTERMEDIATE COMPACTION EFFORT

135- 0

130-
125
1 20. f0 [ MINUS 3/4-IN., 6-IN. MOLD

11 5 0 MINUS 3/4-IN.. 4-IN. MOLD

CL

130-
130
125-

S1 20 o UINUS 1 .5-IN.. 12-IN. MOLD

S11 5 Q MINUS 1.5-IN., 6-IN. MOLD

D2110

< 140- 1
135-
130-.
12 5 -

1 20- 0 MINUS 3-IN., 20-IN. MOLD

11 5 0 MINUS 3-IN., 12-IN. MOLD

110- 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

GRAVEL CONTENT, PERCENT

Figure 49. Influence of equipment size on maximum dry density at a
compaction effort between standard and modified

(Data from Garga and Madureira, 1985)
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DATA FROM GARGA AND MADUREIRA (1985)14 5 - , , , , 1 , , , ,

MODIFIED EFFORT
140-

135-

130

125
I-3 MINUS 3-IN.. 20-IN. MOLD

120- 0 MINUS 1.5-1N.. 12-1N. MOLD

Z * MINUS 3/4-N.. 6-IN. MOLD

0w 115, , , , ,

145-
o INTERMEDIATE EFFORT

140-

135-

130-

125 0-

120- .0

e---- STANDARD EFFORT1 51 1 1 111 1 5 - - 1 - r - T -

0 10 20 30 40 50 60 70 80 90 100
GRAVEL CONTENT. PERCENT

Figure 50. Influence of equipment size on maximum dry density at
standard,intermediate and modified compaction efforts

(Data from Garga and Madureira, 1985)



DATA FROM GARGA AND MADUREIRA (1985)

15II I I I I |

14- MODIFIED EFFORT
13 0 MINUS 3-IN.. 20-IN. MOLD

12 0 MINUS 1.5-IN., 12-IN. MOLD

11 * MINUS 3/4-IN.. 6-IN. MOLD

~10Z
) 9-

-, 8-
n 7-

6-z
Il 5 -

z

0 15-

x," 14 INTERMEDIATE EFFORT

13 - STANDARD EFFORT

- 12 " .ii
"m 10-""

a. 9- ",N,
0 8-

7-

6-

5-
0 10 20 30 40 50 60 70 80 90 100

GRAVEL CONTENT, PERCENT
Figure 51. Influence of equipment size on optimum water content at

standard, intermediate and modified compaction efforts
(Data from Garga and Madureira, 1985



145-

DATA FROM GARGA AND MADUREIRA (1985)
MAXIMUM PARTICLE SIZE = 1.5-IN.
TEST SERIES 2, 5, AND 10

140

. 60X

135-

z 130

125-

: 120

M MODIFIED EFFORT - 56.250 Fr-LB/CU FT
Q INTERMEDIATE EFFORT = 24,985 FT-LB/CU FT

11 5 0 STANDARD EFFORT = 12,375 FT-LB/CU FT

NOTE: PERCENTAGES BESIDE CURVES

ARE GRAVEL CONTENTS

110- 1 I

0 20 40 60 80
EFFORT, FT-LB/CU FT, X 1000

Figure 52. Maximum dry density versum compactive effort and gravel
content (Data from Garga and Madureira, 1985)
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140- I

DATA FROM GARGA AND MADUREIRA (1985)
INTERMEDIATE COMPACTION EFFORT

MINUS 3-IN.
FULL-SCALE

SCALPED /RE~PLACED
~135121IN. MOLD

z

~130 SCALPED! REPLACED130- 6-IN. MOLD

125-
20 40 60 80

GRAVEL CONTENT, PERCENT

Figure 53. comparisons of maximum dry densities from full-scale and
scalped/replaced gradations (Data from Garga and Madureira, 198S)



12 - 1
DATA FROM GARGA AND MADUREIRA (1985)
INTERMEDIATE COMPACTION EFFORT

I-11
zw
0
I10 MINUS 3/4-N.

0. SCALPED/REPLACED
6-IN. MOLD

z

z
0 MINUS 1-1/2 IN.
U SCALPED/REPLACED
xJ 8 12-IN. MOLDi"
I-

S6

0
MINUS 3-IN.
FULL-SCALE5 20-IN. MOLD

4-
4 t I

20 40 60 80
GRAVEL CONTENT, PERCENT

Figure 54. Comparisons of optimum water contents from full-scale and
scalped/replaced gradations (Data from Garga and Madureira, 1985)
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Figure 55. Comparison of degree of compaction from two methods
(After Garga and Madureira, 1985)
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DATA FROM GARGA AND MADUREIRA (1985)
PREDICTED VALUES BY TORREY AND DONAGHE

150 1
MINUS 3-IN. PRE"';Cr'TEr 3
FROM THE MINUS'NO. 4/

145- MAXIMUM DRY DENS1 Y

140-

135-
00

C130-

MAX. DRY DENSITY
125 TEST SERIES NO.7

0 W !1 MINUS 3-IN.
a MAX. DRY DENSITY

>- 120- TEST SERIES NO.8

o 4d-MINUS NO.4 PREDICTED
FROM MINUS 3-1N.

115- TEST SERIES NO.8

MINUS NO. 4 PREDICTED .. 4"

11 0- FROM MINUS 3-IN.TEST SERIES NO.7 \

105-

INTERMEDIATE EFFORT100-1 1 1 1 1

0 20 40 60 80 100
GRAVEL CONTENT, PERCENT

Figure 56. Experimental and theoretical relationships between
intermediate effort maximum dry density and gravel content,
minus 3-in. gradation (data from Garga and Madureira, 1985)
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DATA FROM GARGA AND MADUREIRA (985)

PREDICTED VALUES BY TORREY AND DONAGHE

155 -

MINUS 3-IN. PREDICTED
FROM THE MINUS NO. 4150 MAXIMUM DRY DENSITY

145- 0

140:
LL-

' 135-

1: 10 MINU 3IN.
MAXIMUM DRY DENSITY

()TEST SERIES NO.12
Z

L125

120-

115- *

110- MINUS NO. 4 PREDICTED
FROM MINUS 3-IN.

105-

MODIFIED EFFORT100 - 1 1 1 1 1 1 1

0 20 40 60 80 10
GRAVEL CONTENT, PERCENT

Figure 57. Experimental and theoretical relationshipe between
modified effort dry density and gravel content, minus 3-in.

gradation (data from Garga and Madureira, 1985)



DATA FROM GARGA AND MADUREIRA (1985)
PREDICTED VALUES BY TORREY AND DONAGHE
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Figure 58. Experimental and theoretical relationships between
standard effort dry density and gravel content, minus 1-1/2-in.

gradation (data from Garga and Madureira, 1985)



DATA FROM GARGA AND MADUREIRA (1985)

PREDICTED VALUES BY TORREY AND DONAGHE
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Figure 59. Experimental and theoretical relationships between
intermediate effort dry density and gravel content, minus 1-1/2-in.

gradation (data from Garga and Madureira, 1985)
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DATA FROM GARGA AND MADUREIRA (1985)
PREDICTED VALUES BY TORREY AND DONAGHE
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Figure 60. Experimental and theoreti.cal relationhips between
modified effort dry density and gravel content, minus 1-1/2-i.n.

gradation (data from Garga and Madureira, 1985)



DATA FROM GARGA AND MADUREIRA (1985)
PREDICTED VALUES BY TORREY AND DONAGHE
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Figure 61. Predicted values of maximum dry density minus actual
values versus gravel content (data from Garga and Madureira, 1985)
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DATA FROM GARGA AND MADUREIRA (1985)
PREDICTED VALUES BY TORREY AND DONAGHE
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Figure 62. Predicted percent compaction of minus No.4 fractions
versus gravel content (data from Garga and Hadureira, 1985)
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Figure 63. Gravel water content versus gravel content, minus 3-in.
gradations (data from Garga and Hadureira, 1985)
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Figure 64. Gravel water content versus gravel content, minus 1-1/2-i.n.
gradations (data from Garga and Madureira, 1985)
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Figure 65. Gravel water content versus gravel content, minus 3/4-in.
gradation (data from Garga and Madureira, 1985)
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Figure 66. Grai.n-uize distri.buti.on curves fcr test gradatzrn
N9g. 1 and 2 and assoc1ate- fractions
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Figure 86. Howard Model li mochanit 1 -c



Figure 87. 1-in. diarneteLr breaker rcA d~K



Figure 88. Molds and hanmmero
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LW 1 2A
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__ NOTE: NUMBERS BESIDE DATA POINTS ARE WES GRADATION
< 0.01 NUMBERS. MAXIMUM DIFFERENCE IN FRACTION DENSITY

FACTOR IS THAT BETWEEN WES AND THE MOST DISTANT
VALUE AMONG USBR, AASHTO OR NAVFAC.
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GRAVEL CONTENT, PERCENT

Figure 188. Maximum difference in Fraction Density Factors for
individual gradations among WES, USBR, average AASHTO and NAVFAC
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1.15

COMPARISON OF FRACTION DENSITY FACTORS

NOTE: FRACTION DENSITY FACTORS ARE FOR THE
1.10 MINUS NO.4 FRACTION.

1.05 USBR. CLAYEY FINES
L.

0
0 

0
1<  L 0 NAVFAC

' 0 0

(n 0 .9 5  -
z 0

Z 0 MINUS 4-IN. GRADATIONS 00 0
0.90 0 MINUS 3-IN. GRADATIONS

p0.9
<1: &A MINUS 2-IN. GRADATIONS

La- o MINUS 1-1/2-N. GRADATIONS 0

0.85 0 MINUS 3/4-IN. GRADATIONS0.85 )3

AASHTO RANGE 0

0.80 NOTE: ALL MATERIALS CONTAINED EITHER CLAY (CL)
OR CLAY (CH) FINES. DATA FROM TORREY AND DONAGHE
1991), GARGA AND MADUREIRA (1985), DONAGHE AND

TOWNSEND (1975), DONAGHE AND TOWNSEND (1973).
GORDON, HAMMOND AND MILLER (1964), AND USBR (1963).

0.75
0 10 20 30 40 50 60 70

GRAVEL CONTENT, PERCENT

Figure 189. Range in Fraction Density Factors obtained among
several investigators
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Figure 191. Spherical gravel particle separation
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Figure 201. Increase in density of material between two rigid
particle for a given uniform deformation of the specimen
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PREDICTION OF MAXIMUM DRY UNIT WEIGHT OF TOTAL MATERIAL
BASED ON MINUS NO.4 COMPACTION DATA

145 1 1 1 4 4
- /

A SILT FINES, CORRECTED DATA /
,- El CLAY FINES. CORRECTED DATA /

A SILT FINES, UNCORRECTED DATA/ / /
1_ 140 - CLAY FINES. UNCORRECTED DATA

NOTE: MAXIMUM PARTICLE SIZES WERE / A / /
" 3-IN.. 2-IN. AND 3/4-IN. A /

/ U/

z 135- /

00

3130-

/j TWO PERCENT
"PRECISION LIMITS

0 / CORRECTED DATA: FRACTION AND TOTAL MATERIAL
/ COMPACTED IN SAME MOLD.

UNCORRECTED DATA: FRACTION COMPACTED IN 6-IN.
DIAMETER MOLD.

WES DATA THIS STUDY

120 125 130 135 140 145
PREDICTED MAXIMUM DRY UNIT WEIGHT. PCF

Figure 208. Prediction of maximum dry unit weight of the total material
using estimated-fit density Interference Coefficient versus

gravel content curves based on the minus No.4 fraction
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PREDICTION OF MAXIMUM DRY UNIT WEIGHT OF TOTAL MATERIAL
BASED ON MINUS 3/4-IN. COMPACTION DATA

145
• /

_ A SILT FINES, CORRECTED DATA /
- ] CLAY FINES. CORRECTED DATA /// /'

1 A SILT FINES, UNCORRECTED DATA / A/
U1 40 -0 CLAY FINES, UNCORRECTED DATA

0 NOTE: MAXIMUM PARTICLE SIZES WERE A /
3-N. AND 2-IN. / /

// /
FA

= 135 / E3 AA/
./ /

n,, / /

130 •C]

-J/ TWO PERCENT
< /PRECISION UMITS

12-

/ / CORRECTED DATA: FRACTION AND TOTAL MATERIAL
COMPACTED IN SAME MOLD.

UNCORRECTED DATA: FRACTION COMPACTED IN 6-IN.
DIAMETER MOLD.

WES DATA THIS STUDY120 1-r-r- -
120 125 130 135 140 145

PREDICTED MAXIMUM DRY UNIT WEIGHT, PCF

Figure 209. Prediction of maximum dry unit weight of the total material
using estimated-fit density Interference Coefficient versus
gravel content curves based on the minus 3/4-in. fraction
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PREDICTION OF MAXIMUM DRY UNIT WEIGHT OF TOTAL MATERIAL
BASED ON MINUS NO.4 COMPACTION DATA

145 1 1 1 1 4 1

0I - 0 STANDARD EFFORT /
0. o INTERMEDIATE EFFORT

- 140- A MODIFIED EFFORT / /

C, 0-Z/, // /

=15z/ /

/ 0 
/ 0 0/

130" :/ Q :3 /

_/ / , / /130

NOTE: MAXIMUM PARTICLE SIZES WERE
125- /3-IN.. 1-1/2-IN. AND 3/4-IN.

" TWO PERCENT
PRECISION UMITS

DATA FROM GARGA AND MADUREIRA (1985)
120 1'

120 125 130 135 140 145
PREDICTED MAXIMUM DRY UNIT WEIGHT. PCF

Figure 210. Prediction of maximum dry unit weight of the total material
using estimated-fit density Interference Coetficient versus gravel
content curves derived from the data of Garga and Madureira (1985)
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PREDICTION OF MAXIMUM DRY UNIT WEIGHT OF TOTAL MATERIAL
BASED ON MINUS NO.4 COMPACTION DATA

150 1 J I I

._ TWO PERCENT
o PRECISION UMITS

1: 1 45 - NOTE: MAXIMUM PARTICLE SIZES WERE
4-IN.. 1-1/2-IN. AND 3/4-IN.

z 140- 0 0

C3

135

5700C
130- /,,0 / 0

</00// /

DATA FROM GORDON. HAMMOND
AND MILLER (1964)125 1 1 " 1 -

125 130 135 140 145 150
PREDICTED MAXIMUM DRY UNIT WEIGHT, PCF

Figure 211. Prediction of maximum dry unit weight of the total material

using estimated-fit density Interference Coefficient versus gravel

content derived from the data of Gordon, Hammond and Miller (1964)
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PREDICTION OF MAXIMUM DRY UNIT WEIGHT OF TOTAL MATERIAL
BASED ON MINUS NO.4 COMPACTION DATA

145 , , [,1 1,7,,1'

STANDARD EFFORT
', CLAYEY GRAVELS /

TWO PERCENT / / /
PRECISION UMITS

400

I-=z135- 4

00

130/

/ ~ OWES. UNCORRECTED DATA

< I- GARGA AND MADUREIRA (1985)
UNCORRECTED DATA

O) A DONAGHE AND TOWNSEND (1975)
< 0UNCORRECTED DATA

/ USBR (1963). CORRECTED DATA

120- '

120 125 130 135 140 145
PREDICTED MAXIMUM DRY UNIT WEIGHT, PCF

Figure 213. Prediction of maximum dry unit weight of the total materials
of Figure 210 using the indicated density Interference Coefficient curve
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EFFECTS OF MOLD SIZE ON PREDICTED MAXIMUM DRY UNIT
WEIGHT OF TOTAL MATERIAL, DATA FROM USBR (1963)

14 5 , , , 1 , , , 1 1 " , 9 1 1 1 1 1 1 1 1 , 4 ' ,

0 CORRECTED DATA WITH CORRECTED I, /
U- - 0 UNCORRECTED DATA WITH /
a_ CORRECTED I, 50.0 /

140-4.
0

0 28.60
///

1 -/ 13 -

a..// / /
0 -

" ///

125/
/ /

0" / / / CORRECTED DATA: FRACTION AND TOTAL MATERIAL

-/ COMPACTED IN SAME MOLD.
/ UNCORRECTED DATA: FRACTION COMPACTED IN 4-IN.

/ DIAMETER MOLD AND TOTAL
/MATERIAL COMPACTED IN LARGER

MOLDS.
120 1 1 1 1 1 a . I

120 125 130 135 140 145
PREDICTED MAXIMUM DRY UNIT WEIGHT, PCF

Figure 214. Example of error introduced in predicted values of maximum

dry unit weight of the total material by use of density Interference
Coefficients corrected for equipment size effects with uncorrected

maximum dry unit weight of the finer fraction
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PREDICTION OF OPTIMUM WATER CONTENT OF TOTAL MATERIAL
BASED ON MINUS NO.4 COMPACTION DATA

. /

A SILT FINES. CORRECTED DATA /

0 CLAY FINES, CORRECTED DATA/
0 A SILT FINES. UNCORRECTED DATA

N CLAY FINES, UNCORRECTED DATA /

-: 9.///"

:9 //•// /

/ /"/

I- / /

/ / /

/ TEN PERCENT
" PRECISION LIMITS

: / /
<C5" / CORRECTED DATA: FRACTION AND TOTAL MATERIAL :]

COMPACTED IN SAME MOLD.
/ UNCORRECTED DATA: FRACTION COMPACTED IN 6-IN.

/ DIAMETER MOLD.
/ WES DATA THIS STUDY

PREDICTED OPTIMUM WATER CONTENT. PERCENT

Figure 224. Prediction of optimum water content of the total material
using optimum water content factors based on the minus No.4 fraction
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PREDICTION OF OPTIMUM WATER CONTENT OF TOTAL MATERIAL
BASED ON MINUS 3/4-IN. COMPACTION DATA

SILT FINES. CORRECTED DATA /

Z 0 CLAY FINES. CORRECTED DATA /
0 A SILT FINES. UNCORRECTED DATA /

X CLAY FINES. UNCORRECTED DATA /

w /DAMTE /OD

F ~~E /AATI 7 TD

0

/ 7

47 5 / / 8 9 10

5RED/C ORRECTED DATA: FRACTION ANOT P TERINA
DIAMETER MOLD.

WES DATA THIS STUDY

45 6 7 8 9 10 11
PREDICTED OPTIMUM WATER CONTENT, PERCENT

Figure 225. Prediction of optimum water content of the total material
using optimum water content factors based on the minus 3/4-in. fraction
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PREDICTION OF OPTMUM WATER CONTENT OF TOTAL MATERIAL
BASED ON MINUS NO.4 COMPACTION DATA

12 11
O GORDON, HAMMOND AND MILLER /
o DONAGHE AND TOWNSEND /0

z 11 & USBR /
J "0 GARGA AND MADUREIRA /

// /

W/ //

g9 /:

/ 7/

/ 7

0
o / /

TEN PERCENT
6 /PRECISION LIMITS

<.- / / :

5 / /
/ /

/ STANDARD EFFORT
4 1111111rrrtillr1
4 5 6 7 8 9 10 11 12

PREDICTED OPTIMUM WATER CONTENT, PERCENT

Figure 226. Prediction of optimum water contents of total materials tested
by previous investigators using optimum water content factors

based on the minus No.4 fraction
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APPENDIX A: RECOMMENDED COMPACTION TEST FOR

EARTH-ROCK MIXTURES

Introduction

1. This laboratory compaction method covers the determination of the

relationship between the water content and unit weight of soils containing

particles larger than the 3/4-in. sieve and finer than the 3 -in. sieve when

compacted using standard compactive effort in a mold of a given size with a

131.4-lb rammer dropped from a height of 12-in.

2. Two procedures are provided. The procedure used shall be based on

the gradation of the soil as follows:

a. Procedure A:

Mold- 12.00-in. diameter by 12.00-in. high

Soil- Material passing 2-in. sieve

b. Procedure B:

Mold- 18.00-in, diameter by 18.00-in high

Soil- Material passing 3-in. sieve

3. This test method will generally produce well defined compaction

curves for non-free draining soils. If this method is used for free draining

soils the maximum unit weight may not be well defined.

4. If less than 5 percent by weight of the total sample is finer than

the No. 200 sieve, maximum unit weight shall be determined by vibratory

methods.

Apparatus

5. The apparatus consists of the following:

a. Mold assembly. The interchangeable molds shall be cylindrical in
shape, made of rigid metal, and be within the capacity and
dimensions indicated in 2a. and 2b. The molds may be of the
split type equipped with hinges and a means of securely locking
the two halves together to form a cylinder. Each mold shall
have a detachable extension collar made of rigid metal. The
extension collar shall have a diameter equal to that of the mold
and shall extend at least 2.0-in. above the top of the mold.
The extension collar may be equipped with an easily detachable
upper section constructed of a thin metal to aid in placing all

of the soil for the final layer in the mold assembly prior to
compaction. Molds and collars shall be equipped to individually
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clamp to the mold assembly base plate. The base plate shall be
planar within the area enclosed by the molds and shall be con-
structed so the mold assembly can be rotated and moved forward
and backward on a lubricated support plate. Provision shall be
made to limit lateral movement of the mold during rotation to
less than 0.04-in. and to limit forward and backward movement of
the mold so the rammer can strike no closer than 0.1-in. from
the inside surface of the mold at its smallest diameter. In
addition, provision shall be made to move the 18-in. diam mold
forward so central blows may be applied with the center of the
rammer following a circular path 3.0 ± 0.1-in. from the side of
the mold. The base plate shall have a raised edge with an inner
diameter equal to that of the outer diameter of the 18-in. diam
mold so the mold can be secured and centered on the base plate.
A metal ring with appropriate dimensions shall be provided to
accomplish the same purpose for the 12-in. diam mold. The ring
shall fit securely against the raised edge of the base plate.
The base plate shall be equipped with capstan handles or other
devices to provide a means of rotating the mold assembly and to
move it forward and backward so rammer blows may be evenly dis-
tributed over layer surfaces. The mold assembly support plate
shall be attached to a rigid foundation equivalent to a 2000-lb
or larger concrete block. Contact surfaces of the support plate
and mold assembly base plate shall be planar and lubricated with
grease or other suitable lubricant to decrease friction.

b. Mold Dimensions

(1) Mold, 12-in. diam. A mold having a 12.00 ± 0.02-in. aver-
age inside diameter, a height of 12.00 ± 0.02-in. and a
volume of 0.785 ± 0.004-ft3.

(2) Mold, 18-in. diam. A mold having a 18-in. ± 0.02-in. aver-
age inside diameter, a height of 18.00 ± 0.02-in. and a
volume of 2.651 ± 0.009-ft3 .

(3) The average internal diameter, height, and volume of each
mold shall be determined oezore initial use. The mold
volume shall be calculated from the average of at least six
internal diameter measurements taken at the top and bottom
of the mold and six height measurements made to the nearest
0.01-in. The determined volume shall be used in computing
unit weights.

C. Mold assembly Harness. A device for moving the mold and mold
assembly using a forklift.

d. Rammer, A mechanically operated rammer having a mass of 131.4
± 0.1-lb. The rammer shall consist of a foot attached to a
15-ft long, 2-in. O.D. diameter metal tube. The rammer shall
have a fixed vertical position relative to the mold assembly and
shall fall freely through a distance of 12 ± 0.05-in. from the
surface of the specimen. The striking face (foot) of the rammer
shall be planar and circular with a diameter of 6.00 ± 0.02-in.

e. Compactor. A mechanical device for controlling operation of the
rammer. The compactor shall be a rigid metal frame attached to
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the foundation upon which the mold assembly support plate rests.
It shall be located to provide the fixed vertical position
required for operation of the rammer and shall be equipped with
appropriate devices to pick up the rammer and provide a free
drop of 12 ± 0.05-in. The drop hcightzhallbe 'd"1'ble so ii-
may be corrected, when necessary, to meet the specification.
The compactor shall be equipped to automatically provide identi-
cal drop heights regardless of the height of soil in the mold.
The compactor shall be provided with two low friction guide
sleeves or bearings located at least 2-ft apart to assure a
vertical drop of the rammer. The guide sleeves or bearings
shall form a circular area having a diameter 0.2 ± 0.01-in.
greater than the diameter of the metal tube connected to the
rammer foot. Provision shall be made for the compactor to clear
the rammer from the mold at the end of a cycle of blow applica-
tions or at any time the test is stopped. A control shall be
included to stop the test at any time. The compactor shall be
equipped with a positive mechanical means to support the rammer
when not in operation. Additional equipment for the compactor
such as a jog control, a counter, and a variable speed motor may
be added to the compactor to aid in controlling the rammer.

f. Compactor calibration. The compactor sheill bp ralbrated
periodically to check that the rammer is dropping freely for a
distance of 12.00 ± 0.05-in. Assemble the compactor as if for a
test and place rags or other suitable material in the mold to
absorb the impact of the rammer. Initiate operation of the ram-
mer and after 10 blows are applied and while the compactor con-
tinues to operate, observe whether binding of the rammer is
occurring against the guide sleeves or bearings used to assure a
vertical drop of the rammer. If binding or excessive friction
occurs, it may be necessary to move the bushings or bearings or
to straighten the rammer. Check the drop height by marking or
placing a piece of tape on the rammer and measuring its travel
using a cathodometer or other suitable measuring device. Adjust
the drop height if necessary and verify by repeating the
procedure.

g. Balances, Heavy duty platform balances readable to 0.1-lb with
capacities of 250 and 1000-lb.

h. Drying oven, Forced-draft type, 10-ft3 minimum capacity,
thermostatically controlled to maintain a uniform temperature of
110 ± 50C.

i. Drying Pans. Heavy duty drying pans with a combined capacity of
at least 5.0-ft 3 constructed of a corrosion resistant metal.

J. Containers. Corrosion resistant containers having a capacity of
at least 1-ft3 and equipped with air-tight lids.

k. Sieves, Screen trays containing U.S. Standard Sieve screens
ranging from 4-in. to No. 4 sieve sizes and a mechanical screen
shaker. Sieve sizes of 3/8-, 1/2-, 3/4-, 1-, 1-1/2-, 2-, 3-. and
4-in. are normally required.
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!. Straightedge. A steel straightedge at least 20-in. long,
3/8-in. thick and 1-in. wide with a beveled edge.

M. Specimen batching equipment. Mixing pans, scoops, 1/4-in. hard
ware cloth, buckets and the like for batching minus No. 4 sieve

fractions of samples at desired water contents.

. Miscellaneous equipment. Wirt brush, rubber-headed maul, trim-
ming knife, metal rule, cathodometer, shovel, fans wire brush,
broom, tamper etc.

Amount of Material

6. At least 900-lb of minus 2 -in. sieve size soil are required for the

12-in. diam mold test (Procedure A) and at least 3000-lbs of minus 3-in. sieve

size soil are required for the 18-in. diam test (Procedure B). Because of the

disparity in amounts of material, the decision as to the procedure to use a'-d

therefore the amount of material to send to the laboratory shall be made in

the field based on a visual classification or by other means.

Processing of Soil

7. Spread the entire sample on a smooth, clean, dry floor area and

allow it to air-dry. The use of fans and frequent turning of the material

with a shovel will speed air-drying. Other means such as ovens and heat

lamps, may also be used to accelerate drying if the drying temperature does

not exceed 60-deg C.

8. Visually classify the sample and record the classification along

with other sample identification information on the test worksheet.

9. Reduce aggregations of finer material formed during drying to par-

ticles smaller than the No. 4 sieve size using a tamper. Use a wire brush or

other suitable means to remove fine grained material adhering to larger

particles.

10. The rigorously correct manner in which to separate the material

into its various sieve sizes would be to oven-dry the entire sample before

sieving. However, because the air-dry water content will be generally less

than two percent for minus No. 4 sieve material and even less for the gravel

fraction, only negligible error results from determining sieve fractions by

sieving the air-dry sample. Therefore, percentages by weight determined on
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the air-dry sample as described below will be used as if they are equivalent

to percentages by weight of oven-dry material.

11. Pass the total air dried sample over the 3-, 2-, 1 1/2-, l-, 3/4-,

1/2-, and 3/8-in. and No. 4 sieves. Place the material retained on each sieve

and that passing the No. 4 sieve in separate containers labeled with the

appropriate size range.

12. Determine the weight of material retained on each sieve and that of

the material passing the No. 4 sieve. Compute the percent by weight retained

on each sieve and that passing the No. 4 sieve as follows:

Retained - air-dry weight of material retained on sieve x 100
air-dry weight of total sample

Then calculate total percent gravel, P9, by adding up percentages retained of

gravel sizes (plus No. 4 sizes).

13. Determine the air dry water content of a representative sample of

the plus No. 4 sieve and minus No. 4 sieve material. Also, perform tests to

determine the bulk and apparent specific gravity of a representative sample of

the plus No. 4 sieve material and the specific gravity of solids and Atterberg

limits of a representative sample of the minus No. 4 sieve material.

Specimen Preparation

14. Calculate the amount of air dry soil to prepare for each test spec-

imen as follows:

a. Procedure A (12-in. diam mold),

WTA = 0.9P6 (1 - W9) _.ax 0 .9 P Nc4(1 - WN ) ax

where

WTAD- required air-dry weight of soil

Ydmax - estimated maximum dry unit weight of soil

w8 -air-dry water content of the plus No. 4 sieve

material (gravel fraction) expressed as a decimal
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WNO4 - air-dry water content of the minus No. 4 sieve

material expressed as a decimal

PS = total percent by weight of plus No. 4 sieve

material (gravel) expressed as a decimal

PN(4= percent by weight of minus No. 4 sieve material

expressed as a decimal

b. Procedure B (18-in. diam mold),

WTD = =3. OP (1 - Wa)Yax 3 "0 PNO4 ( 1 -NO )Vd.fax

15. Prepare material for each specimen by batching the gravel and minus

No. 4 sieve fractions separately.

a. Gravel, Gravel fractions for specimens to be tested using Pro-

cedure A shall have a maximum particle size of 2-in. Those

tested using Procedure B shall have a maximum particle size of

3-in. For both procedures prepare 3 gravel batches (one for

each layer) for each specimen by combining required amounts of

each size fraction calculated as follows:

WT gf PrW tAD

3

where

WTsf - required air-dry weight of particular gravel

size fraction

Pr - percent by weight retained on corresponding

sieve size as determined in paragraph 11 above

expressed as a decimal

b. Minus No. 4 sieve material. Prepare the minus No. 4 sieve

material for each specimen in a single batch.

(1) The weight of air-dry minus No. 4 sieve material to

prepare for the test specimen shall be obtained by the

following calculation:

WTNo 4 = PNO4WTA + 10 lb
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where

WTNo4 - required air-dry weight of minus No. 4
sieve material

(2) Thoroughly mix the air-dry minus No. 4 sieve material for
the test specimen with a measured quantity of water suffi-
cient to produce a water content 2 or 3 percentage points
below the estimated optimum water content of the soil to
be tested. The amount of water to be added shall be cal-
culated as follows:

First, calculate the air-dry water content of the total
specimen as follows:

WAD = Pg;g O PN 4WNO4

where

w - air-dry water content of the total specimen
expressed as a decimal

Then, calculate the dry weight of the total specimen as
follows:

WTD WTAD
D (1 WAD)

where

WTD = dry weight of the total specimen

Finally, calculate the amount of water to be added to the
air-dry minus No. 4 material as follows:

WTWA =(W+ W'T D-w PgWTAD WNo 4 (PN o4 WTAD 10 ib)

1 - w9) +1 WNo4)

where

WTw, - weight of water to be added to minus No. 4
sieve material
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w t - desired water content of total test specimen

w, - estimated decrease in water content due to
evaporation during batching, usually assumed
to be 0.5 percentage points

(3) Thoroughly mix the added water to the minus No. 4 sieve
material and store in an air-tight container for a minimum
of 16 hr.

(4) The water content of the minus No. 4 sieve material after
addition of water will then become:

WTWA + PNO4WTAWNO 4

N04WA - P N0WTD
N0N04 D

16. Prepare material for four additional test specimens by repeating

steps in 5a and 5b with the exception that the desired water content of the

total specimen shall be increased approximately one percentage point for each

succeeding specimen.

Compaction Procedure

17. The compaction procedure shall be as follows:

a. Clean the mold assembly and spray surfaces which will come into
contact with soil with oil or other suitable lubricant. Wipe
any excess lubricant from the surfaces. Check to see that the
assembly base plate and the plate upon which it rests have suf-
ficient grease or lubricant on them to insure ease of motion
when rotating or moving the mold forward and backward.

b. Weigh the compaction mold to the nearest 0.1-lb.

C. Put together the mold assembly and place it in the compactor.
Clamp the mold and mold collar to the assembly base plate.

d. Mix the cured minus No. 4 sieve material thoroughly and weigh
out an amount of material obtained by the following equation:

PNo4WT:( 1 + WSoIWA )
WTbNO4 : l

3
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wLecre

WTbNo4 - weight of cured minus No. 4 sieve material
for a single layer

e. Mix the cured minus No. 4 sieve material for one layer with one
of the previously prepared gravel batches for one layer. Place
the combined material in the compaction mold. Each total layer
batch thus prepared should contain slightly more than the
required amount of material. The amount of combined material
to use for a layer shall be based on testing experience.

f. Compact each of 3 layers of combined soil prepared as above

using the appropriate procedure in the following table:

Mold Blows No. of Peripheral Central
Diameter per Coverages Blows per Blows per

Procedure in. Laeg per Layer Coverage Coverage

A 12 25 2 12' 0
B 18 83 5 12 52

1 plus 1 extra blow for last coverage
2 minus 2 central blows for last coverage

g. To achieve approximately equal compacted layer heights and
therefore, a compacted specimen extending approximately 1/4-in.
into the mold collar, add or remove material from layer batches
based on comparing desired and measured compacted layer
heights. Compacted layer heights may be determined by sub-
tracting the average of several measurements of the distance

from the top of the mold collar to the surface of the compacted
layer from the distance from the top of the mold collar to the
mold base. Desired layer heights are 4.1 and 6.1-in. for the
12 and 18-in. diam molds, respectively. Amounts of material to
add or remove are a matter of judgement based on testing

experience.

h. After compacting the final layer, remove the extension collar
from the mold. Remove compacted soil extending above the top
of the mold with a knife and carefully trim the surface of the
specimen even with the top of the mold using a straightedge.

Large particles may be pounded flush with the top of the mold
using a rubber headed maul. Smaller particles may be pulled
out and resulting voids patched with material remaining from
layer batches. When patching voids, material should be tamped
or pushed into the voids to approximate the density of similar
material in the specimen.

i. Remove the mold and specimen from the compactor and mold assem-

bly. Brush excess material from the top of the mold and other
locations on the mold where it may have accumulated. Weigh the
mold plus wet specimen to the nearest 0.1-lb and record the
weight on the test data sheet.

J. Remove the specimen from the mold and place the total specimen
in pans for a water content determination. Soil from the
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specimen should be broken apart and spread in the pans to
facilitate drying. Care should be taken to not loose any mate-

rial during removal of the specimen from the mold and during

placing and breaking down of the soil in the pans. For most

specimens, the drying time is at least 16-hr. The first
specimen of a test shall be left in the oven an additional day
after a 16-hr weight is obtained to verify whether a 16-hr
period is adequate.

k. Repeat steps a through 1 for the remaining specimens. Compact
a sufficient number of test specimens over a range of water

contents to establish the optimum water content and maximum

unit weight. Do not reuse material. Generally, five compacted

specimens obtained using the above procedure are sufficient to

define a compaction curve. To determine if the optimum water

content has been reached, compare the wet weights of the vari-
ous compacted specimens. The optimum water content and maximum

unit weight have been reached if the wettest specimens
compacted indicate a decrease in weight in relation to drier

specimens.

1. For tests in which degradation of particles due to impact of
the rammer is significant, determine the gradation of at least

two specimens after the final dry weight has been determined.

Computations

18. The following values are obtained for each test:

a. Weight of compaction mold plus wet soil. The weight of the

compaction mold is subtracted from this value to obtain the
weight of the wet soil, W.

b. The volume of the compaction mold. This volume is equal to the
volume, V, of the soil specimen.

c. Weight of specimen plus pans. The total weight of the pans is

subtracted from the total weight of the pans plus soil before

and after drying to obtain a check of the weight of wet soil,

W , and to obtain the dry weight of the specimen, W s.

19. The water content of each specimen shall be calculated as follows:

W
w X. 100

where

w = water content of specimen expressed as a percentage
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Ww -wet weight of total specimen, W, minus its oven-dry

weight, Ws, i.e., the weight of water in the specimen

W= oven dry weight of specimen

20. The dry unit weight of each specimen shall be calculated as

follows:

W
7d=

V

Presentation of Results

21. The results of the compaction test for earth rock mixtures shall be

presented as a compaction curve on an arithmetic plot. Dry unit weights shall

be plotted as ordinates and the corresponding water contents as abscissas.

The plotted points shall be connected with a smooth curve. Generally, the

curve is parabolic in form. The water content corresponding to the peak of

the compaction curve is the optimum water content and shall be recorded to the

nearest 0.1 percent. The dry unit weight corresponding to the peak of the

compaction curve is the maximum dry unit weight. The maximum dry unit weight

shall be recorded to the nearest 0.1 pcf.

22. The zero air voids curve shall be included on the report sheet

showing the compaction curve. The zero air voids curve represents the dry

density and water content of a soil completely saturated with water. Data for

plotting the zero air voids curve are given in Table VI-I of EM 1110-2-1906.

The specific gravity of the soil shall be the specific gravity based on the

specific gravity of solids of the material passing the No. 4 sieve and the

apparent specific gravity of the plus No. 4 sieve material. The method for

calculating this value is give in Appendix IV of E- 1110-2-1906.

23. The gradation of the sample determined during processing of the

soil shall be included with the report of test results along with any post

test gradations.

Possible Errors

24. Possible errors in the test that can affect results are:

a. Aggregations of soil not completely broken down during

processing.
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b. Incomplete air drying of sample. Incomplete drying may result

in nonuniform water content of stockpiled materials and produce

errors in calculations for weights of material to reproduce the

sample gradation.

C. Nonuniform water content of minus No. 4 sieve material batches
due to insufficient mixing and/or curing time.

d. Reuse of minus No. 4 sieve material. Reuse of many clayey soils

will increase the maximum dry unit weight and decrease the

optimum water content.

e. Insufficient range of water contents to define compaction

curve.

f. Hammer drop height not calibrated properly.

g. Excessive friction between guide jushings and hammer.

h. Excessive variation of layer heights

i. Improper foundation for mold during compaction.

j. Inaccurate balances or scales used to determine specimen

weights.

k. Insufficient drying of specimen for determination of specimen

dry weight.

A12


